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Abstract
While temporary disinfection of a surface is possible with the help of strong cleaners,
tremendous interest exists for the control of microorganisms on surfaces by effective,
durable antimicrobial coatings. There is a wide spectrum of potential applications for
antibacterial coatings, spanning from industrial surface coatings to biomedical
applications, where sterile conditions are crucial. This work examined the synthesis of the
functionalized 2,2-Dimethylolpropionic acid - nanotitanium dioxide (DMPA-nTiO2)
monomer. Moreover, functionalized nanotitanium dioxide/polyurethane (nTiO2/PU)
composite coatings were prepared using the above mentioned functionalized monomer.
The distribution of nTiO2 in the polymer matrix was enhanced by monomer
functionalization in which nTiO2 was chemically attached to the backbone of the
polyurethane polymer matrix with a bifunctional monomer (DMPA). The coordination of
nTiO2 to DMPA was monitored by TGA characterization. Moreover, the surface
hydrophilicity test was conducted on the nanofilms by examining the contact angle. SEM
and elemental mapping analysis were also performed to study the surface morphology of
the nanofilms and to measure the dispersion and compositional analysis of nanofillers in
the polymer matrix. Two metal doped TiO2 nanoparticles (Fe/TiO2, and Ag/TiO2) were
synthesized to control the band gap energy of TiO2 nanomaterials and hence the
photocatalytic activities of nTiO2/polyurethane nanocomposite coatings. Moreover, some
characterization techniques (such as SEM, TEM, XRD, and TGA) were done to probe the
internal structure and properties of the above mentioned doped titania nanoparticles. The
photocatalytic reaction rate constants of Fe and Ag doped TiO2 nanoparticles, along with
undoped TiO2 nanoparticles, were measured and compared under solar light illumination.
Since the photocatalytic reaction rate constant of Ag doped TiO2 nanoparticles was generally
higher than that of Fe doped TiO2 nanoparticles, under both solar and visible light
illumination, Ag doped TiO2 nanoparticles were used in this study to make functional
nanocomposites. The antibacterial behavior of nTiO2/PU and silver doped nTiO2/PU
composites were investigated qualitatively and quantitatively against both gram-negative
(Escherichia coli) and gram-positive (Micrococcus luteus) bacteria. The effect of
exposure time was investigated using a solar simulator by monitoring the growth of
ii

bacterial populations in the presence and absence of the above-mentioned
nanocomposites. The quantitative examination of bacterial activity was determined by the
survival ratio as calculated from the number of viable cells, which form colonies on the
Petri dishes with nutrient agar. Excellent inhibition results were observed and
demonstrated visually with more than 99% of bacteria killed after 2 hours of irradiation.
In summary, the functionalized nTiO2/PU and silver doped nTiO2/PU composite coatings
displayed considerable antibacterial activity against both gram-positive and gramnegative bacteria under solar light irradiation while silver doped nTiO2/PU coatings
displayed considerable antibacterial activity even under irradiation of visible light.

Keywords
Nanomaterials, Antibacterial Activity, Photocatalysis, Monomer Functionalization,
Polyurethane, Nano-TiO2
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Chapter 1

1

Introduction

Since microbes are a constant threat to human health, the control of microorganisms such
as bacteria, fungi, mold and mildew on surfaces has long been a matter of human life or
death. Temporary disinfection of a surface is possible by using strong cleaners, such as
powerful oxidizers. But, the need for effective and durable antimicrobial surfaces is an
even higher priority today with the presence of multidrug resistant pathogens such as
Methicillin-resistant Staphylococcus aureus (MRSA) and Clostridium difficile (C. Diff)
[1, 2]. One solution to the above mentioned problem is using antibacterial coatings that
can be applied to a surface where bacterial contact is a concern.
A considerable effort has been directed towards both the scientific and commercial
development of antibacterial coatings’ applications due to the potential advantages such
as reduction of maintenance costs, including the cost of cleaning solvents, time and labor,
as well as protection from environmental pollution such as chemical detergents, which
are becoming increasingly regulated.
Nanomaterials provide solutions to technological and environmental challenges, due to
their unique properties. Recently, antibacterial surfaces using nanotitania (nTiO2) have
received significant academic and industrial attention [3, 4]. Study of titanium dioxide
(TiO2) as a photocatalyst semiconductor began in the early 1970s with the discovery of
the Honda-Fujishima effect which shows the strong oxidation and reduction power of
photoexcited TiO2 upon irradiation by UV light [5]. TiO2 photocatalysis is used in
photodegradation of organic compounds, such as decontamination treatment of air [6, 7]
and water [8, 9] as well as antibacterial activity of surfaces [3, 10]. However, little work
has been done on the chemistry of the incorporation of nTiO2 as a nanofiller bonded to a
polymer, in which the TiO2 nanoparticles are chemically attached to the polymer’s
backbone, to produce functional coatings.
The synergism between the inorganic nanofillers and the polymer in polymer
nanocomposites results in distinct properties [11]. Polymer nanocomposites, made by
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adding a relatively small amount (less than 10 wt%) of the nanoparticles to polymers,
have crucially improved properties relative to the pure polymers [11, 12]. The
intermolecular attraction forces of the nanoparticles are high because of nanoparticles’
large surface area/particle size ratio. As a result, nanometer sized particles
thermodynamically tend to agglomerate, thus reducing the resultant properties of the
polymer nanocomposite materials [13, 14]. Several titania polyurethane nanocomposite
coatings were made by physical mixing; however, there are still challenges in
antibacterial applications of the mentioned-above nanocomposites, due to aggregation
and uneven distribution of nanoparticles in the polymer matrix [11]. Furthermore, nTiO2
leaching can occur during light radiation from the coatings’ surface that will reduce
photocatalytic activity [15].
Several attempts have been made to obtain good distribution of titania nanoparticles in a
polymer matrix and to improve the interactions between nanofillers and the polymer
matrix. Breaking down the aggregated nanoparticles by using a mechanical method, e.g.
ultrasonic irradiation, results in relatively good distribution of nanoparticles in the
polymer matrix [16]. However, this method is restricted because of limited filler-matrix
interactions, compared with strong interactions between individual nanoparticles [11].
Therefore, functionalized titania polyurethane nanocomposites (in which the TiO2
nanoparticles are chemically attached to the polymer’s backbone) are more desirable
since they have better distribution of titania nanoparticles in the polymer matrix
compared to unfunctionalized titania polyurethane nanocomposites.
Polyurethane (PU) is a well known polymer used in both indoor and outdoor applications
due to its excellent mechanical and weathering properties [17]. Polyurethane coatings’
common nanofillers, which act as UV blocking agents, are rutile TiO2 nanoparticles.
However, to benefit from the UV blocking activity of rutile titania and the photocatalytic
activity of anatase titania, an appropriate mixture of crystal structures of nanotitania is
used in polymer nanocomposites [17]. Moreover, it has been proven that we can have
functionalized titania polymer nanocomposites by coordinating a carboxylic acid group
with TiO2 nanoparticles [18, 19].
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Titania absorbs UV light with shorter than 390 nm wavelength. These wavelengths only
cover about 3% of the whole solar spectrum, which imposes limitations on effectively
utilizing solar energy. Moreover, the UV light content of indoor illumination is much
smaller than that of direct sunlight. Since many antibacterial coatings’ applications are
found in indoor conditions (such as coatings applied to the floors and walls of hospital
operating rooms), photocatalysts are needed that can harness visible light. Thus, it is
desirable to increase the optical activity of titania nanoparticles by lowering their band
gap to obtain visible light photocatalysts [20, 21].
Using dopants, such as silver, in titania polymer nanocomposites results in harvesting a
greater proportion of the available solar energy and visible light, which provides the
coatings with the ability to be active under visible light and indoor conditions. Several
metal ions, such as Ag, Fe, V, Mn, and Cr can be used as dopant agents via the sol-gel
method or coprecipitation [21-23]. Among the numerous metal ions, Fe as a dopant agent
has been widely used because of its unique electronic structure and size which closely
matches that of titanium [22-24].
The antibacterial activity of nTiO2/PU nanocomposite coatings depends on the bacterial
strain, the weight percentage of titania in the nanocomposite, the light source, and the
light illumination time. E. coli as the gram negative bacteria and M. luteus as the gram
positive bacteria are the two commonly used microorganisms in antibacterial activity
tests, and were used in this study.
In the first part of this study, the functionalized DMPA-nTiO2 monomer was synthesized.
Moreover, functionalized nTiO2/PU nanocomposite films were prepared using the above
mentioned functionalized monomer, where nano titania was chemically attached to the
polyurethane backbone with 2,2-Dimethylolpropionic acid (DMPA) as a bifunctional
monomer and P25 nanotitania was evenly distributed in a polyurethane matrix. Dynamic
light scattering (DLS) was used to measure the particle size distribution of the
nanoparticles. Thermo-gravimetric analysis (TGA) was conducted to confirm that DMPA
was successfully functionalized with nanotitania. Moreover, the surface hydrophilicity
test was conducted on the nanofilms by examining the contact angle. Scanning electron
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microscopy (SEM) and elemental mapping analysis were also performed to study the
surface morphology of the nanofilms and to measure the dispersion and compositional
analysis of nanofillers in the polymer matrix. The bactericidal activity of the
nanocomposite polymer coatings (with 0.5 weight % of TiO2) against both gram positive
(M. luteus) and gram negative (E. coli) bacteria were evaluated and compared under solar
irradiation. The antibacterial activity tests were performed both qualitatively (streak plate
antibacterial test) and quantitatively (antibacterial drop test). The leaching test was also
carried out during the light irradiation. The bactericidal activity of unfunctionalized and
functionalized nTiO2/HDPE nanocomposite films against gram negative bacteria were
also examined under solar light irradiation in order to decide which polymer matrix (PU
or HDPE) should be used in making nanotitania polymer nanocomposite films when it
comes to the bactericidal activity of the coatings.
In the second part of this study, two metal doped TiO2 nanoparticles (Fe/TiO2, and
Ag/TiO2) were synthesized to control the band gap energy of TiO2 nanomaterials and
hence the photocatalytic activities of nTiO2/polyurethane nanocomposite coatings.
Moreover, some characterization techniques (such as TGA, SEM, TEM, and XRD) were
done to probe the internal structure and properties of the above mentioned doped titania
nanoparticles. The photocatalytic reaction rate constants of iron and silver doped TiO2
nanoparticles, along with undoped TiO2 nanoparticles, were measured and compared
under solar light illumination. Since the photocatalytic reaction rate constant of Ag doped
TiO2 nanoparticles was generally higher than that of Fe doped TiO2 nanoparticles, under
both solar and visible light illumination, silver doped TiO2 nanoparticles were used in this
study to make functional nanocomposites. The bactericidal activity of these
nanocomposite polymer coatings against gram negative bacteria (E. coli) were
quantitatively evaluated and compared under solar and visible light irradiation using the
antibacterial drop test method.
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Chapter 2

2

Objectives

The objectives of this study are as follows:
1) Characterize functionalized polyurethane/nTiO2 nanocomposite coatings to
observe if titania nanoparticles are homogeneously dispersed in the polymer
matrix;
2) Study the bactericidal activity of the functionalized polyurethane/nTiO2
nanocomposite coatings towards both gram negative and gram positive bacteria
under solar light irradiation;
3) Examine the bactericidal activity of unfunctionalized and functionalized
nanotitania high density polyethylene (nTiO2/HDPE) nanocomposite films against
gram negative bacteria under solar light irradiation;
4) Characterize the Fe and Ag doped TiO2 nanoparticles to probe into their internal
structure and properties;
5) Study the antibacterial properties of the synthesized silver doped polyurethane/
nTiO2 nanocomposite coatings against gram negative bacteria under solar and
visible light irradiation;
6) Investigate the effect of using different sources of light on bactericidal activity
test;
7) Calculate the kinetics of the photo-killing process of bacteria by the coatings, and;
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Chapter 3

3

Literature Review
3.1

Titanium Dioxide

Titanium dioxide (TiO2), also known as titania, is the most commonly researched and
used semiconductor metal oxide amongst the other semiconductors (such as ZnO, CeO2,
Fe2O3, and CdS) because of its mechanical toughness, chemical and biological inertness,
high photocatalytic activity, nontoxicity, low cost, and ready availability [25-27]. Titania
is an excellent semiconductor photocatalyst material for environmental purification.
Honda and Fujishima first showed that UV photoexcited titania has strong oxidation and
reduction power [5]. TiO2 is the most effective photocatalyst in most of the photocatalytic
reactions of chemical processes [20]. However, there is one significant problem. Titania
has a large band gap energy of 3.2 eV, which corresponds to the wavelength of 390 nm
(near the UV light region). That is, titania only absorbs UV radiation leading to a
limitation for practical utilization because 95% of the available sunlight is unused [28,
29]. Many studies have been done to shift titania’s band gap to the visible spectral region
(by titania doping) in order to use a higher proportion of the solar spectrum, and to
expand its applications into our daily lives [21, 30].
Major sources of TiO2 are rutile (TiO2) and ilmenite (FeTiO3). Titania is manufactured
either from ilmenite by dissolving in sulfuric acid (H2SO4), reducing and removing of Fe,
hydrolysing and calcining or from rutile by converting to titanium tetrachloride (TiO2 + C
+ Cl2) and hydrolysing or calcining in air at 1000°C. Titania is produced as an ultrafine
pure powder, by hydrothermal hydrogen peroxide oxidation of metallic titanium, carried
out at a relatively low temperature [31, 32]. Degussa P25, Aeroxide P25 titania, is a
widely used titania photocatalyst. It is used in many photocatalytic reaction systems
because of its relatively high levels of photocatalytic activity [33]. Degussa P25
nanopowder which was used in this study was 80% anatase and 20% rutile polymorph,
and was calcined at 400oC for 4 hours before use.
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Titania is a multi-crystal material. It exists at room temperature in three naturallyoccurring phase types (polymorphs) of rutile (tetragonal, band gap = 3.02 eV), anatase
(octahedrite, tetragonal, and brown crystals, band gap = 3.2 eV), and brookite
(orthorhombic, band gap = 2.96 eV). Although all of the three polymorphs are expressed
by using the same formula, which is TiO2, their crystal structures are different [34]. Both
anatase and rutile phases show photocatalytic activity, and are the most widely used
crystals. Anatase titania is the most photoactive phase, while the brookite phase does not
show any photocatalytic activity. Moreover, both anatase and brookite are metastable
and may be converted into rutile upon heating [35]. Anatase is the desirable phase when
it comes to photocatalysis due to its higher mobility of charge carriers, smaller electron
effective mass, and higher Fermi level [36]. Rutile is thermodynamically the most stable
crystalline phase, and has high UV opacity. It is also an efficient UV protector in many
polymers, such as polyurethane and polyvinyl chloride, and in different sunscreens. The
anatase phase is also an opacifier and usually forms at a lower temperature than the rutile
phase. Moreover, anatase and rutile titania polyurethane nanocomposites shows that the
rutile phase is an effective nanostabilizer, which retards photooxidation of polyurethane,
and the anatase phase is a photosensitiser, which accelerates photooxidation of
polyurethane [17].
Titania has a wide range of applications. It is widely used as white pigment in paints and
paper, and as a filler in rubber and plastics. It is also used in cosmetics, ceramics, and
anodes for numerous electrochemical processes, and has potential use as a cathode
material in optical devices. Furthermore, it is important in industrial chemical processes
[23]. Moreover, titania has been widely used in dentistry, foods and pharmaceutical
formulations, topical protectants, and dermatological agents. It is also used as a
semiconductor gas sensor for detection of trimethylamine as a decomposed product from
food in fish products. TiO2 is used in sunscreen agents due to its strong UV light
absorbing capabilities and resistance to discoloration under UV irradiation [37]. Anatase
titania can also be used for air and water treatment, remediation of environmental
pollutants, the cleanup of oil spills, photo-electrochemical cells, and photo-killing of
pathogens because of titania’s ability to degrade almost any organic molecule upon
irradiation of UV light [38, 39]. Titania as a nanofiller can even retard the aging of
7

polymers
ymers under UV illumination [40].

3.2

Photocatalysis

The word photocatalysis
sis is a composite word which is composed of two parts, “photo”
and “catalysis”. That is, both light and a catalyst are required for the start or acceleration
of a photoreaction [13]. Photocatalytic activity depends on the catalyst
catalysts’
s’ ability to create
electron-hole pairs. As a result, free radicals (such as hydroxyl radicals) are generated,
generated
and are ready to participate in secondary reactions [41]. Exposure of a photocatalyst to
light radiation with energy which is higher than the photocatalyst’s band gap,
gap results in
excited states in the photocatalyst which are able to initiate reduction
duction and oxidation
reactions as shown in Fig. 3.1. This photocatalyst can now decrease the activation energy
in order to increase the oxidation/degradation rate of hydrocarbons [42].

Fig. 3.1 Schematic diagram of anatase titania photocatalytic process.
pro
The
he intensity of light (electromagnetic radiation) that the photocatalyst absorbs governs
the photocatalytic activity. The band gap energy (Eg) of anatase titania is 3.2 eV as shown
in Fig. 3.1. As a result, titania nanoparticles have to be radiated with photons with energy
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higher than 3.2 eV (equivalent to the wavelengths < 390 nm) in order to show
photocatalytic activity [43
43].
The presence of adsorbed atomic radicals
radicals, with a free unpaired electron, from water or air
on the surface of titania is required for pho
photocatalytic activity of TiO2 in order to degrade
organic molecules. The above mentioned radicals are fo
formed
rmed upon reaction with an
adsorbed molecule and a charge carrier which is generated when exposed to UV light
with wavelengths < 390 nm from an electron-hole
hole pair generated on the surface of titania.
The mechanism of titania photocatalytic activity is as follows: upon irradiation and
adsorption of UV light titania is photoexcited which results in the photogeneration
photo
of an
electron and a hole (Reaction
Reaction 3.1).

(3.1)
The holes (h+) in the valence band diffuse to the surface of titania. Then the
t reaction of
surface hydroxyl groups with the photogenerated hole results in the formation of a
hydroxyl radical which is likely bound to the surface of TiO2 and is often defined as a
trapped hole (Reaction 3.2).

(3.2)
Water dissociates into H+ and OH- ions (Reaction 3.3).

(3.3)
Meanwhile, the
he reaction of the electron with an accepter species, which is the molecular
oxygen in the air,, results in the formation of the superoxide anion radicals
radical (Reaction 3.4).

(3.4)
Then the superoxidee anion is involved in a reaction to form a perhydroxyl radical
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(Reaction 3.5).

(3.5)
The perhydroxyl radical reacts forming peroxide, which undergoes a photoconversion
photo
into two hydroxyl free radical groups (Reaction 3.6 – Reaction 3.7).

(3.6)

(3.7)
Hydroxyl radicals
als can subsequently oxidize organic materials, which are adsorbed on the
surface of titania, and convert them to H2O and CO2 [44, 45]. The hydroxyl radicals are
powerful oxidants and can react with numerous substrates. The above mentioned
reactions first lead to radical species, and later, in most cases, lead to complete
degradation and destruction of biological materials, such as bacteria [45,, 46]. Throughout
the entire photocatalytic process
process, titania is used as a catalyst and reconverted to TiO24+
[47].
It is believed that the rate of competition between generation and recombination of
positive and negative charge carriers by UV light radiation govern
governs the photocatalytic
pho
activity [48]. TiO2 nanoparticles have larger surface areas than similar masses of largerlarger
scale TiO2, such as micron sized titania
titania. This large surface area results in a high density
of localized
calized states which contribute to the generation of more hydroxyl radicals, and
faster charge recombination formation. The photogenerated electron-hole
hole tends to react
with surface-adsorbed
adsorbed species rather than recom
recombine. That is, the high density presence of
surface-adsorbed
adsorbed reactive species results in desirable photocatalytic activity. But, if the
photogenerated electron-hole
hole recombine
recombines,, the photoelectric energy will convert into heat
loss to the surrounding environ
environment [49].
Titania photocatalytic oxidation under UV light hass the following advantages over other
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processes when it comes to oxidization of contaminants:
•

The photocatalysis oxidation occurs quickly at room temperature and atmospheric
pressure.

•

A wide range of organic pollutants and biological materials can be converted to
H2O and CO2.

•

Titania is inexpensive, chemically and mechanically stable, nontoxic and readily
available

•

There are no side reactions for this process.

•

No chemical reactant is required [50].

There are many applications of titania photocatalysts from photodegeneration of organic
materials in environmental air and water treatment to antibacterial surfaces and selfcleaning coatings. Furthermore, the disinfection power of titania is 1.5 times stronger
than ozone, and three times stronger than chlorine.
Photocatalysis of titania/polymer composites for coatings and paints have significant
potential scientific and industrial importance [11]. The use of TiO2 powder photocatalysts
to degrade and destruct organic and biological materials in solution is hindered by the
separation of the reaction products and catalysts at the end of the reaction. By using
supported photocatalysts fixing TiO2 on polymer films, the mentioned problem could be
overcome [51]. The surface of this polymer must be able to withstand highly oxidative
radicals produced by TiO2 nanofillers, provide acceptable photocatalytic kinetics, and
show stable performance during long-term operation [51].

3.3

Visible-light Photocatalysis

As previously mentioned, titania absorbs UV light with shorter than 390 nm wavelengths.
These wavelengths only cover about 3% of the entire solar spectrum, which imposes
limitations on effectively utilizing solar energy. The UV light content of indoor
illumination is much smaller than that of sunlight. Therefore, there is a major challenge
for indoor applications using titania nanoparticles as photocatalysts, such as titania based
antimicrobial composite coatings applied to the floors and walls of hospital operating
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rooms. Thus, it is desirable to increase the optical activity of titania nanoparticles by
lowering their band gap to obtain visible light photocatalysts [21].
Even shifting the band gap by about 20 nm results in a significant increase in the number
of available photons for photocatalytic activity [20]. The band gap shows the
thermodynamic limitation for the photoreactions of the electron-hole pairs. The band gap
also determines the wavelengths of light irradiation needed for photocatalytic activity
[26].
The addition of a dopant agent to titania results in lowering of its band gap and the
extension of its light absorption capacity to the visible part of the solar spectrum. Many
metal ions, such as Ag, Fe, V, Mn, and Cr can be used as dopant agents via the sol-gel
method or coprecipitation [21-23].

3.4

Role of Anatase and Rutile Polymorphs

The optical band gap of the anatase polymorph (3.2 eV) is wider than that of rutile (3.02
eV) [52]. It would seem that rutile is a more suitable photocatalyst since it has a lower
band gap. However, the photocatalytic activity of the anatase polymorph is higher than
that of rutile. Rutile is even sometimes considered as a non-active photocatalyst because
the anatase phase has a larger Fermi level as well as an increased degree of surface
hydroxylation [53]. The restricted photocatalytic activity of rutile depends on the type of
the precursor compound as well as the organic reactant [20].
The anatase polymorph has a larger specific surface area than rutile, which leads to a
faster rate of surface photocatalytic reaction when the surface density of adsorbents is
constant [54, 55]. The anatase crystalline phase is also a more effective creator of charge
carriers and a better photoadsorber of oxygen both in aqueous phase and gas phase [56].
Moreover, the energy structure is different between anatase and rutile: the conduction
band in anatase is closer to the negative position, which leads to the stronger reduction
power of anatase [57]. As a result, anatase is the more effective and major photoactive
crystalline form of titania.
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According to the above-mentioned reasons, it seems that the pure anatase titania
nanoparticles are sufficient for photocatalysis. But, Li et al. suggested that the mixture of
anatase and rutile could show better photocatalytic activity because of the easier charge
separation which leads to the prevention of the photogenerated charge carriers’
recombination [58, 59].

3.5

Polyurethane

Polyurethane (PU) was examined in this thesis as the polymer backbone in titania
polymer nanocomposites. Polyurethanes are polymers with the principal chain composed
of aromatic or aliphatic units of R1 and R2 with polar urethane (carbamate) covalent
linkages as depicted in Fig. 3.2.

Fig. 3.2 Urethane linkage.
Polyurethanes are generally produced by the reaction of a polyisocyanate with a polyol in
the presence of a catalyst, and are used in a wide range of applications, such as coatings,
foamed plastics, coating elastomers and structural elastomers, adhesives, and paints [60,
61]. This wide applicability of polyurethanes is due to their performance properties.
These properties can be widely modified by using different production and processing
methods, shaping the final products, selection of different raw materials, catalysts, and
auxiliary compounds [62].

3.5.1

Polyurethane Chemistry

The reaction between an isocyanate functional group (R-N=C=O) and a hydroxyl
functional group (R-OH) results in the formation of a urethane linkage. As previously
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mentioned, polyurethanes
olyurethanes are generally produced by the polyaddition reaction of a
polyisocyanate with polyol in the presence of a catalyst. Polyisocyanate
ocyanate is a molecule
with two or more isocyanate groups
groups, n(O=C=N)-R1-N=C=O, n≥1.
1. And, polyol is a
molecule with two or more hydroxyl groups, n(OH)-R2-OH, n≥1. The polyaddition
reaction product is a polymer with the urethane linkage (-R2-O-O=C-NH
NH-R1-). Fig. 3.3
shows the main chemical reacti
reaction
on for linear synthesis of polyurethane where a
polyisocyanate
isocyanate reacts with a polyol
ol in order to form a linear polyurethane network.

Fig. 3.3 Synthesis of linear polyurethane.
In Fig. 3.3, R1 forms an aromatic, aliphatic, or alicyclic radical from the isocyanate
monomer, while R2 forms a more complex group from the polyol, such as polyester.

3.5.2

Raw Materials for Polyurethane

Two reactants of at least bifunctional materia
materials
ls are needed for the production of
polyurethanes: compounds with isocyanate functional groups, and compounds with active
hydrogen atoms. The chemical
hemical structure, physical and chemical properties, and molecular
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size of the above mentioned compounds determine the final physical characteristics of the
produced polyurethane. Moreover, different additives are used to control the
polyurethane formation reaction and characteristics, including catalysts, cross linkers,
surfactants, fillers, and light stabilizers [20].

3.5.2.1

Isocyanate

Isocyanates are highly reactive electrophiles toward numerous molecules with active
hydrogen, such as water, alcohol, and amines. Upon treatment with water or amines, an
isocyanate forms a urea linkage. And, upon treatment with alcohol, it forms a urethane
linkage [63].
There are many commercially available organic polyisocyanates including aromatic,
aliphatic, araliphatic, cycloaliphatic, and heterocyclic polymers [61, 64]. Aromatic
isocyanates are more reactive and economical than aliphatic ones. However, different
structures of diisocyanates are used to form polyurethanes with desirable properties. For
instance, to form a UV light stable polyurethane coating, only aliphatic and cycloaliphatic
isocyanates are used since the formed polymers, by using aromatic diisocyanates, are
easily oxidized and their color is changed to yellow [65].
Among aromatic isocyanates, methylene diphenyl diisocyanate (MDI) and toluene
diisocyanate (TDI) are the most widely used isocyanates. These isocyanates are used in
the formation of polyurethane foams. Two of the six possible isomers of TDI are used
commercially, including 2,4-toluene diisocyanate and 2,6-toluene diisocyanate. Out of
the three isomers of MDI, the 4,4'- methylene diphenyl diisocyanate is the most widely
used isomer [66]. Fig. 3.4 depicts the chemical structure of both MDI and TDI.
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Fig. 3.4 Chemical structure of 2,4
2,4-toluene
toluene diisocyanate (TDI) and 4,4'-methylene
4,4'
diphenyl diisocyanate (MDI).
Among the aliphatic and cycloaliphatic isocyanates, hexamethylene diisocyanate (HDI),
isophorone diisocyanate (IPDI), and 4,4'-dicyclohexylmethane
dicyclohexylmethane diisocyanate (HMDI) are
the most widely used isocyanates
isocyanates. Furthermore, in order to make high performance
polyurethane coatings with hydrolysis resistance and optical clarity, HMDI is used and
thus chosen for this study. The chemical structure of HMDI is shown in Fig. 3.5.

Fig. 3.5 Chemical structure of 4,4
4,4'-dicyclohexylmethane diisocyanate (HMDI).

3.5.2.2

Polyol

Another crucial material for polyurethane pproduction
roduction is the polyol monomer, which has
two or more hydroxyl functional groups for organic reactions.. The polyol component of
the polyurethane can be one of these classe
classes:: polyester polyol, polyether polyol,
polycarbonate, acrylic polyol, castor oil or even a mixture of these classes [61, 64].
Polyester
olyester polyols are formed by the condensation of diols (with two hydroxyl groups)
and carboxylic acids. Moreover
Moreover,, polyether polyols produce high quality polyurethane
foams, and are formedd by the reaction of epoxides with the multifunctional initiator in the
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presence of a catalyst. Polytetrahydrofuran (PTHF) is one of the very
y important polyether
polyols when it comes to the production of hydrolysis resistant polyurethane elastomers,
and was chosen with an average molecular weight of 1000 Daltons for this study [60].
Fig. 3.6 shows the chemical structure of PTHF.

Fig. 3.6 Chemical
hemical structure of polytetrahydrofuran (PTHF).
By using polyols with different properties, the final properties of polyurethane will be
controlled. For instance, short chain polyols with high fu
functionality
nctionality of more than 3 make
a rigid or crosslinked polymer. And, long chain polyols with low fu
functionality
nctionality of less
than 3 make a soft and elastomeric polymer with more flexible alkyl chains and fewer
urethanes. In reality, the polyol chain would not be of equal length in all of the molecules
and there would be a distribution of polyols with different molecular weights within the
material [63].

3.5.2.3

Chain Extender

Chain extenders are crucial raw materials for polyurethane formation since they play a
very important role in the polyurethane
polyurethane’s morphology as well as its heat, flexural, and
chemical resistance. The
These are low in molecular weight and are hydroxyl and amine
terminated compounds which are responsible for the polyurethane elastomeric properties.
The chain extenders provide the hard segment content of the backbone of the
polyurethane elastomers,, which is important in the final properties of PU [60].
2,2-bis(hydroxymethyl)propionic
bis(hydroxymethyl)propionic

acid

(DMPA)

with

a

chemical
cal

formula

of

CH3C(CH2OH)2COOH was chosen and used in this study as the bifunctional chain
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extender. It is a white to off white crystalline solid material, and has two primary
hydroxyl functional groups and one tertiary carboxyl group. The above mentioned
functional groups make the function of PU formation especially water soluble [60]. The
chemical structure of DMPA is depicted in Fig. 3.7.

Fig. 3.7 Chemical structure of 2,2-bis(hydroxymethyl)propionic
is(hydroxymethyl)propionic acid (DMPA).

3.5.3

Polyurethane Coating

Currently, polyurethane coatings are used on numerous materials in virtually all industrial
markets in order to help with improving their lifespan and appearance by providing a
smooth durable finish that has improved resistance to corrosion, abrasion, and chemical
exposure. For example, polyurethane coatings on metal provides a thin film, high gloss
finish, enhanced color retention, improved corrosion and scratch resistance, and
exceptional weathering performance for the exterior of automobiles. These coatings can
also be used in construction, where building ffloors
loors and walls, concrete supports and steel
trusses are coated to reduce maintenance costs,, and enhance their durability against
environmental deterioration.

3.5.4

Bacterial Survival on Polyurethane Coating

There are different factors that affect bacterial surv
survival
ival on surfaces, including species and
strains of bacteria, bacterial concentration on the surface, temperature, humidity, the
medium in which the bacteria is suspended, and the texture of the surface [67].
The survival
urvival of some common bacteria on different surfaces (cotton, a blend of 60%
cotton-40%
40% polyester, polyester, polyethylene, and polyurethane) are shown in Table 3.1.
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The data in Table 3.1 were all generated at ambient temperature and humidity, and the
bacteria were all suspended in 10% saline (the medium) and inoculated onto the surfaces
at 104-105 colony forming units (CFU) [67].
Table 3.1 Survival of common bacteria on different surfaces at ambient temperature
and humidity (inoculums of 104-105 CFU on each surface) [67].
Survival time on surface (d, days; h, hours)
Bacteria
Cotton

Blend

Polyester Polyethylene Polyurethane

Serratia marcescens

1-2 d

14 h-3 d

4-7 d

3-8 d

7-10 d

Proteus mirabilis

4 h-9 d

2 h-8 d

2-4 d

4-8 d

8-26 d

Escherichia coli

1-2 d

2d

3-9 d

11-25 d

15- 36 d

Klebsiella pneumonia

4-6 d

6-14 d

4-11 d

9-27 d

11-32 d

As shown in Table 3.1, bacteria tend to survive longer on plastics than on fabrics, and the
longest survival time of all the above mentioned common bacteria is on polyurethane.
Therefore, polyurethane is a very challenging polymer to provide antibacterial properties
to. This surface will be examined as the polymer matrix of nanocomposites in our
antibacterial study since bacteria can survive on it for a longer time compared to other
surfaces and also it has very unique properties as mentioned earlier in this chapter.

3.6

High Density Polyethylene

High density polyethylene (HDPE) is a milky white polyethylene thermoplastic used in a
wide range of industrial applications, such as the production of pipes and fittings (which
are used for the transportation of water or gas under pressure), blow-moulded products
(such as milk bottles, car fuel tanks, and drums), films and sheets (which are used in
industrial liners, refuse sacks, and carrier bags), injection-moulded products (such as
packaging containers, pallets, and toys) [68]. This wide applicability of HDPE is due to
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its high chemical resistance, low cost, flexibility, light weight, well balanced mechanical
properties, ease of processing, and permeability to gas [69].
HDPE is a relatively straight chain structure with a high density. High density
polyethylene has less carbon chain branching while low density polyethylene has more
carbon chain branching. Thus, high density polyethylene is less flexible and harder than
low density polyethylene [70]. The chemical structure of HDPE is depicted in Fig. 3.8.

Fig. 3.8 Chemical structure of high density polyethylene (HDPE).
Since HDPE is more hydrophobic than PU, HDPE was used in this study for comparing
the antibacterial activity of nTiO2/HDPE nanocomposite coatings with that of the
nTiO2/PU nanocomposite coatings.

3.7

TiO2/Polyurethane Nanocomposite

Nanoparticles in the polymer nanocomposites result in improved mechanical, physical,
and weathering properties of polymers [71-73]. As previously mentioned, depending on
titania’s crystal structure, it can efficiently degrade organic and biological materials when
anatase and retard the aging of polymer under UV illumination when rutile. As a result,
titania is a much better nanofiller in comparison with silica and carbon nanotubes [40].
There are several techniques to make TiO2/polyurethane nanocomposites including insitu RAFT polymerization [72], physical incorporation [73], organic-inorganic
hybridization [74], plasma enhanced atomic layer deposition [57], and a combination of
wet phase inversion, solvent evaporation, and organic-inorganic hybridization. However,
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the aggregation of nanotitania in the polyurethane matrix is a major problem for potential
antibacterial applications.

3.7.1

Functionalized TiO2/Polyurethane Nanocomposite

The large ratio between the surface area and nanoparticle size, and the low interaction
and incompatibility within the polyurethane substrate causes the titania nanofillers to
aggregate in the polymer matrix as depicted in Fig. 3.9 b. This incompatibility within the
polyurethane substrate is due to the presence of inorganic TiO2 nanofillers in the organic
polyurethane matrix. Several titania polyurethane nanocomposite coatings were made by
physical mixing. But, there are some barriers in antibacterial applications of the abovementioned nanocomposites, due to aggregation and uneven distribution of nanoparticles
in the polymer matrix [11]. Furthermore, nTiO2 leaching occurs during the light radiation
from the coatings’ surface that will reduce photocatalytic activity [15].
Many efforts have been made to obtain good distribution of titania nanoparticles in the
polymer matrix and to improve the interactions between nanofillers and the polymer
matrix. Breaking down the aggregated nanoparticles by using a mechanical method, e.g.
ultrasonic irradiation, results in good distribution of nanoparticles in the polymer matrix
[16]. However, this method is restricted because of the limited filler and matrix
interactions, compared with the strong interactions between individual nanoparticles [11].
Surface modification, e.g. silane modification, was also examined for its potential to
solve the aggregation problem. However, in silane modification, some of the formed
nanocomposites showed poorer properties than those of the virgin polymer, which was
due to a lack of nanofiller-matrix chemical bonding [73].
Synthesizing functionalized titania polyurethane nanocomposites is the only method in
which the TiO2 nanoparticles are chemically attached to the polymer’s backbone [72]. By
using grafting methods (either “grafting to” or “grafting from”), stable chemical
attachment of nanofillers to matrix can be achieved. The separation of nanotitania
particles due to the grafting polymer is shown schematically in Fig. 3.9 c.
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Fig. 3.9 Schematics of: (a) polyurethane formation (b) physical mixture of nTiO2 in
PU (c) functionalized nTiO2/PU composite.
In the “grafting to” method, the functionalized polymer chain is directly grafted to the
surface of the nanofiller.. However, the efficiency of this method is very low because of
the low concentration of chain ends, and the limited free volume of the polymer chain.
“Grafting
rafting from” is the monomer method
method, with very high efficiency, that was used in this
study. First, the
he monomer is chemically attached to the nanofillers. Then the growing
polymer chain spreads outwards in the solution by a standard
tandard polymerization method.
Since monomer
onomer molecules have low molecular weight, they can diffuse rapidly to the
surface of the nanofillers compared to polymer chains.. By changing the amount of
monomer immobilized to the surface, the ratio of nanofillers to polymer substrate as well
as the surface density can be controlled. The “grafting from” method has some
advantages over the “grafting
grafting to” method, such as more stable chemical bonding and
more even distribution of nanoparticles [13, 75].
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In this study, DMPA was used as a bifunctional monomer. Effective surface binding,
stable functionalization and modification between DMPA and nTiO2 are the important
steps in synthesis of the nTiO2/PU composite films and their antibacterial applications.
The chemical bond between the carboxylic group of DMPA and the surface of
nanotitania is the key bridge to connect the polyurethane matrix and titania nanofillers.
Once the above mentioned bond is stable, the interactions between nanotitania and
polyurethane can be improved and the distribution of nanofillers in the polymer matrix
can be enhanced.

3.7.2

Silver Doped TiO2/Polyurethane Nanocomposite

As previously mentioned, there is a major challenge for indoor applications using titania
nanoparticles as photocatalysts, such as titania based antimicrobial composite coatings
applied to the floors and walls of hospital operating rooms. Thus, it is desirable to
increase the optical activity of titania nanoparticles by lowering their band gap to obtain
visible light photocatalysts [21].
The addition of a dopant agent to titania results in lowering of its band gap and the
extension of its light absorption capacity to the visible part of the solar spectrum. Many
metal ions, such as Ag, Fe, V, Mn, and Cr can be used as dopant agents via the sol-gel
method or coprecipitation [21-23]. In this study, silver was used as the dopant agent to
form silver doped nTiO2/PU nanocomposites.
The dispersion of Ag nanoparticles in the titania matrix results in the formation of a new
energy level in the band gap of titania as shown in Fig. 3.10. The formation of a new
energy level is the reason for the visible light photocatalytic activity of silver doped
titania. The excitation of an electron from the defect state to the titania conduction band
by using photons with energy of hv is depicted in Fig. 3.10. The better trapping of
electrons in order to inhibit the recombination of charge carriers during light radiation is
another advantage of silver doping, since the decrease of electron-hole recombination
results in enhanced photocatalytic activity [76].
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Fig. 3.10 Schematic diagram of silver doped titania photocatalytic process.

3.8

Surfaces and Interfaces

When a drop of liquid is placed on a solid surface, the solid
solid-liquid-gas
gas triple interfaces
interfa
will move due to the forces arising from the interfacia
interfaciall tensions until an equilibrium is
reached [77]. A schematic
chematic of a contact angle between the solid
solid-liquid-gas
gas triple interfaces
is depicted in Fig. 3.11. Contact angle is the angle (θ) between the surface of the solid
and the tangent to the surface of the liquid at the line of contact with the solid as shown in
Fig. 3.11 [78].

interface
Fig. 3.11 Schematic of a contact angle between the solid-liquid-gas triple interfaces.
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The equilibrium contact angle (θ) in an ideal surface is determined by Young’s equation
(Equation 3.8):
ߛௌீ = ߛௌ + ߛீ ܿߠݏ
where

γSG, γSL, and γLG

(3.8)

are the interfacial free energies per unit area of the solid-gas, solid-

liquid and liquid-gas interfaces respectively [79]. In general, if the water contact angle is

smaller than 90°, the solid surface is defined as hydrophilic; if the water contact angle is
larger than 90°, the solid surface is defined as hydrophobic. Moreover, a superhydrophilic surface has a contact angle approaching zero (<30°) and a super-hydrophobic
surface has a contact angle of larger than 150° [80].
The standard method for contact angle measurement is the sessile drop technique, which
was developed by Neumann et al [78], because of its accuracy and simplicity [81]. The
setup for this technique includes a test cell, a microscope, and a light source [81]. The
film surface is placed and leveled on the test cell between the light source and
microscope. Then, a liquid droplet, usually water, is deposited onto the surface of the film
through a syringe. After the water droplet reaches its equilibrium state, its digital image is
recorded and the counter fitted by a computer [81].
Films consisting of only titania have water contact angles close to zero (0o±1o) when UV
irradiated, which are much lower than the contact angles before UV irradiation (72o±1o)
[82-84]. Production of OH radicals by photogenerated holes can result in an increase of
OH groups, which results in increasing the surface energy, thus decreasing the contact
angle, and forming a super hydrophilic surface as a result [85].

3.9
Antibacterial Activity of TiO2/Polyurethane
Nanocomposite Coatings
The use of nanoparticles as antibacterial agents has been extended by using
nanotechnology and biology together. Nano metal oxides, such as nTiO2, nZnO, and
nAl2O3 are used as antibacterial agents in bacterium-free coatings, such as marine
coatings which obstruct the attachment of harmful pathogens to the surface and prevent
the formation of biofilms [86]. Nanotitania is used in this study as a photocatalytic
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antibacterial agent since it is considered more effective than any other antibacterial agents
(such as chlorine or ozone), and because it shows long-term and consistent antibacterial
activity and its photocatalytic activity is stable under ambient conditions [87-90]. TiO2
photocatalysts not only kill microorganisms, but also decompose the cells which
contribute to titania’s sterilizing effect. The titania shows photocatalytic activity even
when the surface is covered with cells, and also while the microorganisms are
reproducing. Even the end toxin, which might be produced by the death of the cell, is
decomposed by the photocatalytic activity of titania [13, 43].
The antibacterial activity of nTiO2/PU nanocomposite coatings depends on the bacterial
strain, weight percentage of titania in the nanocomposite, light source, and light
illumination time [91, 92]. E. coli as the gram negative bacteria and M. luteus as the gram
positive bacteria are two commonly used microorganisms in antibacterial activity tests,
and were used in this study.

3.9.1

Antibacterial Mechanisms Exerted by Photocatalytic nTiO2

As previously mentioned in this chapter, numerous reactive oxygen species (ROS) are
generated in the photocatalytic activity of titania, such as hydroxyl radicals which are the
most reactive ones with short lives. These ROS oxidize organic cells which are adsorbed
on the surface of titania. The above mentioned oxidization of organic cells results in the
death of microorganisms, such as bacteria, viruses, and fungi [93-95]. Hydroxyl radicals
formed upon UV irradiation on the surface of titanium dioxide may destroy cellular
macromolecules, such as nucleic acids, proteins, and lipids. These radicals can also result
in some changes in bacterial cells, such as peroxidation of cell membrane phospholipids
as depicted in Fig. 3.12 [89].
Direct evidence of bacterial cell membrane damage by photocatalytic activity of a titania
film as well as the photocatalytic degradation of endotoxin were reported by Sunada et al
[95]. The endotoxin is a major constituent of the outer membrane of gram negative
bacteria, such as E. coli. The endotoxin is kept within the bacterial cell, and is released
only after destruction of the cellular structure. According to the change in concentration
of the bacterial cell envelope, a two-step reaction mechanism for photocatalytic
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destruction of bacterial cells on a titania film was proposed by the Sunada research group
[95, 96]. In this reaction mechanism, the first step is the disordering of the outer
membrane and the oxidative damage to the cell wall of bacterial cells while the second
step is damage to the inner membrane (cytoplasmic membrane) and intracellular
components of cells [95, 96]. In the first step, the bacteria are only moderately affected.
However, in the second step, when the photocatalysis process goes on, the titania
nanoparticles cause severe damage to the cytoplasmic membrane and intracellular
components, which results in the bacterial cell death [97].
Some cellular enzymes use Coenzyme A (CoA) as a substrate. The oxidation/reduction of
these intracellular CoA inhibits respiration of bacteria resulting in bacterial death as
shown in Fig. 3.12. Furthermore, small nanotitania particles (smaller than 20 nm) can
penetrate into the bacterial cell. The photocatalytic activity of the penetrated
nanoparticles inside the cell results in the direct attack of nanoparticles on the
intracellular components [89].

27

Fig. 3.12
12 The photodegradation of a bacterial cell.
The initial
tial concentration of bacteria on the surface of the nTiO2/PU composite coating
plays an important role in its antibacterial activity. For example, the photo-killing
photo
rate for
bacterial concentrations of less than 103 CFU/mL was found to be usually independent
independ of
the bacterial concentration. But, bacterial concentrations of more than 108 CFU/mL may
decrease the photocatalytic effect due to the co
co-agglomerization
agglomerization of bacterial cells with
titania nanoparticles [98,, 99].

3.10 Experimental Determination of Bacterial Cell
Concentration
There are two methods for experimental determin
determination of the bacterial cell concentration,
concentration
i.e. the cell number method and the cell mass concentration method.
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In the cell number technique, the experiment can be performed by using a
haemocytometer or plates with agar. It is possible to count the bacterial cell concentration
visually under a microscope using the haemocytometer technique. In the plate with agar
technique, which was used in this study, culture samples are diluted and spread over agar
surfaces in Petri dishes and the plates are incubated. The number of formed colonies
represents the number of viable cells. A schematic illustration of this technique is shown
in Fig. 3.13.
The bacterial cell mass concentration method can be performed in three ways: dry cell
weight measurement, measurement of packed cell volume, and measurement of optical
density. In the dry cell weight measurement, bacterial cells are separated from the culture
liquid, washed and dried. In the packed cell volume measurement, the volume of
centrifuged bacterial cells is measured in a tapered graduated tube, which is a faster way
of bacterial cell concentration determination, but a less precise one. Measurement of
optical density was used in this study to find the incubation time for the growth of E. coli
and M. luteus by using a plate reader. In this technique, the culture media has to be
transparent and the wavelength of 600-700 nm is used.
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Fig. 3.13 Schematic
chematic illustration of the utilized technique (plate with agar).
agar)
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3.11 Potential Applications of Antibacterial
TiO2/Polyurethane Nanocomposite Coatings
A considerable effort has been directed towards the commercial development of
antibacterial coatings’ applications due to the potential advantages such as reduction of
maintenance costs, including the cost of cleaning solvents, time and labor, as well as
protection from environmental pollution such as chemical detergents.
There are numerous potential applications for nTiO2/PU composite coatings, including
food processing operations, household hygiene, kitchen cabinets, floors and walls of
hospital operating rooms, gyms, locker rooms, hotels, children’s toys, mobile phones,
computers, and ATM machines where sterile conditions are crucial and long-term
cleaning and disinfection is needed. By covering hand touch surfaces in health care
environments, these coatings can reduce the spread of microorganisms, such as bacteria,
and help to prevent hospital-acquired infections [100].
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Chapter 4

4

Antibacterial Activity of TiO2/Polyurethane
Nanocomposite Coatings
4.1

Introduction

The synergism between the inorganic nanofiller and the polymer in polymer
nanocomposites results in distinct properties [11]. Polymer nanocomposites, made by
adding a relatively small amount (less than 10 wt%) of the nanoparticles to polymers,
have crucially improved properties relative to the pure polymers [11, 12]. The
intermolecular attraction forces of the nanoparticles are high because of nanoparticles’
large surface area/particle size ratio. As a result, nanometer sized particles
thermodynamically tend to agglomerate, thus reducing the resultant properties of the
polymer nanocomposite materials [13, 14]. Several titania polyurethane nanocomposite
coatings were made by physical mixing; however, there are still challenges in
antibacterial applications of the mentioned-above nanocomposites due to aggregation and
uneven distribution of nanoparticles in the polymer matrix [11]. Furthermore, nTiO2
leaching can occur during light radiation from the coatings’ surface that will reduce
photocatalytic activity [15].
Several attempts have been made to obtain good distribution of titania nanoparticles in
the polymer matrix and to improve the interactions between nanofillers and the polymer
matrix. Breaking down the aggregated nanoparticles by using a mechanical method, e.g.
ultrasonic irradiation, results in relatively good distribution of nanoparticles in the
polymer matrix [16]. However, this method is restricted because of limited filler-matrix
interactions, compared with strong interactions between individual nanoparticles [11].
Therefore, functionalized titania polyurethane nanocomposites (in which the TiO2
nanoparticles are chemically attached to the polymer’s backbone) are more desirable.
In this study, functionalized DMPA-nTiO2 monomer was synthesized. Moreover,
functionalized nTiO2/PU nanocomposite films were prepared using this functionalized
monomer, where nano titania was chemically attached to the polyurethane backbone.
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DLS was used to measure the particle size distribution of the nanoparticles while TGA
was conducted to confirm that DMPA was successfully functionalized with nanotitania.
Moreover, the surface hydrophilicity test was conducted on the nanofilms by examining
the contact angle. SEM and elemental mapping analysis were also performed to study the
surface morphology of the nanofilms and to measure the dispersion and compositional
analysis of nanofillers in the polymer matrix. The results showed that the P25 TiO2
functionalized monomer was evenly distributed in the polyurethane matrix.
The antibacterial activity of nTiO2/PU nanocomposite coatings depends on the bacterial
strain, weight percentage of titania in nanocomposite, light source, and light illumination
time [91, 92]. E. coli as the gram negative bacteria and M. luteus as the gram positive
bacteria are the two commonly used microorganisms in antibacterial activity tests [101,
102], and were used in this study. The bactericidal activity of the nanocomposite polymer
coatings (with 0.5 weight % of TiO2) against both gram positive (M. luteus) and gram
negative (E. coli) bacteria were evaluated and compared under solar (AM 1.5) irradiation.
The antibacterial activity test was performed both qualitatively (streak plate antibacterial
test) and quantitatively (antibacterial drop test). The leaching test was also carried out
during the light irradiation. The bactericidal activity of unfunctionalized and
functionalized nTiO2/HDPE nanocomposite films against gram negative bacteria were
also examined under solar light irradiation in order to decide which polymer matrix (PU
or HDPE) should be used in making nanotitania polymer nanocomposite films when it
comes to the bactericidal activity of the coatings.

4.2
4.2.1

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich Canada (Mississauga, ON) or LineX® Franchise Development Company (Santa Ana, CA). Titanium dioxide nanopowder
of Aeroxide® P25 (80% anatase and 20% rutile polymorph) with a particle size of 21 nm
was calcined at 400oC for 4 hours before use. DMPA was washed, filtered under vacuum
with distilled reagent and methanol, and recrystalized under vacuum at 70°C. ASPARTX IC320 Resin and ASPART-X IC320 Iso were used as prepared by Line-X® Franchise
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Development Company. By using an in-house Millipore purification system (Billerica,
MA), laboratory grade water (LGW, 18 MΩ) was prepared. DH5-Alpha strain of
Escherichia coli (E. coli) and Micrococcus luteus (M. luteus) were from the laboratory
stock of the Chemical and Biochemical Engineering Department of Western University.
Materials used for bacterial culturing, including Luria Broth (LB), Trypticase Soy Broth
(TSB), Trypticase Soy Agar (TSA), and phosphate buffered saline (PBS) were purchased
from the Sigma-Aldrich Canada (Mississauga, ON).

4.2.2

Light Irradiation

Two different sources of light were used in this study: a solar simulator and a UV lamp.
The solar simulator used in this study is a 150W Newport Scientific 92250A-1000 model
with parallel light type and solar energy of AM 1.5, and was placed at a constant distance
of 40 cm from the nanofilms. The UV light intensity of this solar simulator was 5.8
mW/cm2, and the power supply was Newport® 69907. The UVA light used in leaching
test was from a reptile UVA light bulb of 75W, 120V, and 60Hz. The UVA light bulb
was placed at a constant distance of 5 cm from samples. The UV lamp used in contact
angle study is a 100W BLACK-RAY® B-100AP model and was placed at a constant
distance of 5 cm from the nanofilms, giving approximately 3.7 mW/cm2 on the surface of
the films, with the strongest illumination at 365±20 nm UV light.

4.2.3

Synthesis of the Fuctionalized Monomer of DMPA-nTiO2

In order to synthesize the functionalized DMPA-nTiO2 monomer, the titanium dioxide
nanospheres and DMPA were dispersed in IPA (isopropyl alcohol) by ultrasonic
agitation. Then, the dispersed mixture in 2-propanol was reacted for 24 hours under
constant stirring at 60°C in an inert atmosphere, argon gas. By using the above mentioned
method, the coordination reaction between the surface of the nanotitania and the DMPA
occurred, and the functionalized DMPA-nTiO2 monomer was synthesized as shown in
Fig. 4.1. The DMPA-nanotitania molar ratio was 2-4. That is, 4 grams of DMPA was
functionalized with 1 gram of titania. Centrifugation of the mixture at 8000 rpm after
methanol washing was performed in order to remove excess DMPA from the
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functionalized monomer of DMPA
DMPA-nTiO2, resulted in removing of the particles of
DMPA-nTiO2 from the mixture.

Fig. 4.1 Scheme for synthesis of the function
functionalized
alized monomer of DMPA-nTiO
DMPA
2.

4.2.4

Commercial PU and TiO2/PU Mixture Preparation
reparation

In order to prepare control samples
samples, ASPART-X
X IC320 Resin was mixed thoroughly
before use. Then, equal volumes of ASPART-X
X IC320 Resin and ASPART-X
ASPART IC320 Iso
were combined for 1-1.55 minutes in a Barnstead Thermolyne Maxi Mix Type 37600
Mixer and stirred to a smooth consistency
consistency. Vortexing material was avoided as this would
introduce moisturee into the product, causing pre
prepolymerization. The resulting blends
were placed in a Teflon mol
mold (110 mm length,, width of 50 mm, and depth of 10 mm) or
glass Petri dishes (with the radius of 5cm)
5cm). Extra care was needed in order to avoid the
incorporation of air and the formation of bubbles in the final polyurethane coating.
coating
Moreover, only
nly the volume used within the pot life (40 minutes) was mixed. Since
ASPART-X
X IC320 is a moisture cure product, hhumidity
umidity greatly decreases
decrease pot life. As a
result, low humidity is more desirable. 24 hours of cure time was allowed before
antibacterial experimenting on the
these prepared samples. Drying time depends on ambient
humidity and temperature as well as the thickness of the film.
Both ASPART-X
X IC320 Resin and ASPART
ASPART-X
X IC320 Iso have high viscosity, and
titania nanoparticles as well as functionalized DMPA
DMPA-nTiO2 particles cannot sufficiently
disperse in the polymer backbone
backbone. Therefore, in order to prepare nTiO
n
2/PU or the
functionalized nTiO2/PU composite samples
samples, nTiO2 or DMPA-nTiO2 was dispersed in
6mL of acetone as the solvent by ultrasonication. Then, equal volumes of ASPART-X
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IC320 Resin and ASPART-X IC320 Iso (4mL of each) were added to the solution and
mixed in a Barnstead Thermolyne Maxi Mix Type 37600 Mixer. The resulting blend was
then placed in a Teflon mold (with a length of 110 mm, width of 50 mm, and depth of 10
mm) or glass Petri dishes (with radius of 5cm), and put in a Thermo Scientific
Lindberg/Blue MTM Vaccum Oven over night and at room temperature for degassing.
Different weights of nTiO2 or DMPA-nTiO2 particles were used in order to make samples
in which 0.5 wt% of the polyurethane was titania.
A dispersion of DMPA-nTiO2 in ASPART-X IC320 Resin was also used to prepare
functionalized nTiO2/PU composite samples. Preparing the functionalized nanotitania
polyurethane composite samples by using this dispersion is much easier than the above
mentioned method. For making this dispersion, the DMPA was bonded to the nTiO2 by
the above mentioned method for the synthesis of the functionalized monomer of DMPAnTiO2. This TiO2-DMPA powder was then mixed into the ASPART-X IC320 Resin and
put through a three roll mill (Qualtech Products Industry Co Ltd., Model QPI-65) to
create the desired dispersion. By adding different volumes of ASPART-X IC320 Resin
and ASPART-X IC320 Iso to the above mentioned dispersion, the functionalized
nTiO2/PU composite samples, in which different weight percentages of the polyurethane
were titania, were formed.
The process for making virgin polyurethane coatings involved adding 6mL acetone as the
solvent in order to avoid experimental bias. The prepared coatings were then examined
for their antibacterial activity.
The nTiO2/HDPE nanocomposite samples were prepared by using a mini-compounder, 5
grams of HDPE, and P25 TiO2 or DMPA-P25 TiO2 loadings (0.5 weight %). The formed
polymer nanocomposites were then pressed into thin films using a melt press at 175°C
and 4000 psi.
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4.2.5
4.2.5.1

Characterization
TEM Analysis

The nanostructured morphology of the nTiO2 nanoparticles, the DMPA-nTiO2
nanoparticles, and the dispersion of DMPA-nTiO2 in ASPART-X IC320 Resin was
obtained from Transmission Electron Microscopy (TEM) (Model JEOL 2010F) 80 KeV
Schottky Field Emission Microscope (TEM/STEM). TEM imaging characterization was
also performed to check the final particle size in the dispersion of DMPA-nTiO2 in
ASPART-X IC320 Resin.
Very thin (0.5 µm or less) samples for TEM analysis were prepared by dispersing the
powdered samples in methanol by ultrasonication for 20 minutes and then being placed
on a copper grid covered with holey carbon film and drying by normal evaporation.

4.2.5.2

Nanoparticle Size Analysis

Malvern Zetasizer Nano S (Model ZEN 1600) particles size analyzer was used for
measuring the particle size of nTiO2, nTiO2-DMPA, and nTiO2-DMPA dispersion in
ASPART-X IC320 Resin with respect to TiO2. The Zetasizer Nano S system determines
the size by first measuring the Brownian motion of the particles in a sample using
Dynamic Light Scattering (DLS) and then interpreting a size from this using established
theories. The particle size ranges are 0.6 nm to 6 µm.
Particle size distribution measurements were carried out at a position of 1.25 mm from
the cuvette wall with an automatic attenuator and at room temperature. All samples were
dispersed in deionized (DI) water and sonicated for 20 minutes. The sample
concentrations were selected such that the samples developed a slightly milky appearance
- i.e. became slightly turbid. Various concentrations of the samples were measured in
order to detect and then avoid concentration dependant effects (i.e. particle interactions).
Concentrations were chosen such that the results were independent of the chosen
concentrations. 500 µl volume of each sample was measured in polystyrene half-micro
cuvettes (Fisher Emergo, Landsmeer, The Netherlands).
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4.2.5.3

Thermo-gravimetric Analysis

As previously mentioned, DMPA was functionalized by coordination to nanotitania when
dispersed in IPA. The functionalized nTiO2-DMPA monomer was characterized by
thermo-gravimetric analysis (TGA) in order to quantitatively demonstrate the
coordination of nanotitania to DMPA. TGA was also conducted to measure the thermal
stability of the 0.5 wt% functionalized nTiO2/PU films.
Thermo-gravimetric analysis was conducted using a TGA analyzer (SDT Q600, TA
Instruments®, USA). The spectra were analyzed using Universal Analysis 2000 software.
Titania nanopowder used in the sample was P25. Functionalized nTiO2-DMPA weighting
about 13 mg was kept in an alumina sample pan and heated at the rate of 10°C/min under
nitrogen flow from room temperature to 600°C. The weight loss as function of
temperature was recorded using a Universal Analysis 2000 data acquisition system.

4.2.5.4

Contact Angle Characterization

Hydrophilic and hydrophobic behavior was examined by measuring the contact angle of a
water droplet on the coatings under ambient conditions using the sessile drop method.
This characterization was performed using a standard contact angle goniometer (Model
200, Ramé-hart instrument co., USA). The film surface was placed and leveled on the test
cell between the light source and microscope. A 10µL water droplet was deposited onto
the surface of the film through a syringe. After the liquid drop reaches its equilibrium
state, its digital image was recorded and the contour was fitted by software (DROPimage
Standard v2.4, Ramé-Hart instrument co., USA).

4.2.5.5

SEM and Elemental Mapping Analysis

A Hitachi S-4500 field emission scanning electron microscope (SEM) with a Quartz
XOne energy dispersive x-ray spectroscopy (EDX) system was used to study the surface
morphology of the virgin PU film and the functionalized nTiO2/PU nanocomposite film.
It was also used to measure the dispersion and compositional analysis of nanofillers in the
polymer matrix of the functionalized nTiO2/PU nanocomposite films. All samples for
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SEM imaging and elemental mapping analysis were gold sputtered for 90 seconds to
achieve a 5-7 nm layer of gold, and were taken at 20 kV.

4.2.6

Streak Plate Antibacterial Test

This method was used to evaluate and compare 0.5 wt% functionalized nanotitania
polyurethane composite coatings as well as 0.5 wt% unfunctionalized and functionalized
nTiO2/HDPE nanocomposite coatings in killing bacteria on the surface. The purpose of
this experiment was to determine if 0.5 wt% functionalized nTiO2/PU, and 0.5 wt%
unfunctionalized and functionalized nTiO2/HDPE polymers are effective agents in killing
bacteria when applied to the surface.
This antibacterial test was performed at room temperature (20oC). Virgin PU and virgin
HDPE (control samples), 0.5 wt% functionalized nTiO2/PU, 0.5 wt% unfunctionalized
nTiO2/HDPE, and 0.5 wt% functionalized nTiO2/HDPE were made in glass Petri dishes.
Gram negative bacteria Escherichia coli ATCC 25922 (E. coli) was used in this test. A
fresh subculture of E. coli was made in sterile water to a 0.5 McFarlane turbidity
standard, which is a reference to adjust the turbidity of the bacterial suspension. This was
then further diluted 1:100 in Trypticase Soy Broth (TSB) and 100 µl of the dilute solution
was then placed in triplicate onto the treated and untreated polymers (approximately 1.5 x
104 colony forming units (CFU)). Triplicate polymers were inoculated for testing at time
“0”, three polymers for testing under 40 minutes of solar illumination, three polymers for
testing under 80 minutes of solar illumination, and a further three polymers for testing at
time 120 minutes. A time “0” culture was obtained by swabbing the entire surface with a
sterile swab, plating the swab onto a Trypticase Soy Agar (TSA) plate. The test and
control plates were tested separately. The plates were incubated at 37oC in ambient air
overnight, or until good growth was observed.

4.2.7

Antibacterial Drop Test

This method was used to evaluate 0.5 wt% functionalized nTiO2/PU composite coatings
for killing bacteria on their surface under solar light illumination (AM 1.5, parallel light
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type). The purpose of this test was to determine if 0.5 wt% functionalized nTiO2/PU
polymer coatings are effective agents in killing bacteria when applied to the surface.
The antibacterial activities of the charged surfaces against gram negative bacteria (E.
coli) (ATCC 25922) and gram positive bacteria (M. luteus) were studied using the
antibacterial drop-test [103]. A fresh culture of E. coli was grown in Trypticase Soy
Broth for 18-24 hours at 37ºC prior to performing the test. The culture was diluted to
approximately 106 colony forming units (CFU)/mL in a phosphate buffered saline (PBS)
solution. The samples were placed in sterilized glass Petri dishes. 100 µL of PBS solution
with bacteria was added drop-wise by a dispenser onto sterilized surfaces until
completely covered. The Petri dishes were sealed and placed under solar light
illumination at room temperature. After 30, 60, 90, and 120 minutes, the bacteria were
washed from the surface of the sample by using 10 mL PBS in the sterilized Petri dish.
From this solution, 1 mL was added to 9 mL PBS and mixed well. Then, 100 µL of this
solution was poured into plate count agar. After incubation for 24 hours at 37°C, numbers
of surviving bacterial colonies on the Petri dishes were counted. To analyze the
quantitative data, one-way ANOVA was performed using SPSS software. A p value of
less than 0.05 was considered significant.

4.2.8

Experimental Determination of Bacterial Cell Concentration

There are two methods for experimental determining of bacterial cell concentration: cell
number method and cell mass concentration method.
In the cell number technique, the experiment can be performed by using a
haemocytometer or plates with agar. It is possible to count bacterial cell concentration
visually under a microscope using the haemocytometer technique. In the plate with agar
technique, which was used in this study, culture samples are diluted and spread over the
agar surfaces in Petri dishes and the plates are incubated. The number of formed colonies
represents the number of viable cells.
The bacterial cell mass concentration method can be done in three ways: dry cell weight
measurement, measurement of packed cell volume, and measurement of optical density.
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Measurement of optical density was used in this study to find the incubation time for the
growth of E. coli and M. luteus by using a plate reader. In this technique, the culture
media has to be transparent and a wavelength region from 600-700 nm was used.

4.2.9

Leaching Test

The method for determining the presence of leaching antibacterial is as follows: test
pieces (2 in × 2 in) were placed into flasks with a sterile buffer solution and placed on a
wrist action shaker for 1 hour. After agitation, all specimens were removed from the
solution and gram negative bacteria (E. coli) was added to give a final concentration of
105 CFU/ml. The bacterial concentration of the solution at the “0” time was done by
performing serial dilutions and standard plate count techniques from the “inoculum only”
sample flask. The flasks were placed on the wrist-action shaker for 1 hour with a UVA
lamp. Immediately after, samples were serial diluted and each sample was plated out in
triplicate as was done for the “0” contact time subgroup. The plates were placed in the
incubator at 37ºC for 24 hours. Then, the presence of solution activity was recorded.

4.3
4.3.1

Results and Discussion
TEM analysis

Fig. 4.2 shows the TEM image of the nTiO2 nanoparticles and the DMPA-nTiO2 (2-4
molar ratio) nanoparticles under the same magnification (100 nm scale). From these
images the spherical nanostructured morphology of both of the particles can be observed.
Moreover, it can be seen in Fig. 4.2 that the average particle size of TiO2 and DMPAnTiO2 nanoparticles is 20-25 nm.
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(a)

(b)

100 nm

100 nm

Fig. 4.2 TEM image of (a) the nTiO2 nanoparticles and (b) the DMPA-nTiO2 (2-4
molar ratio) nanoparticles under the same magnification (100 nm scale). Titania
nanopowder used in the samples is P25.
Fig. 4.3 shows a TEM image of the dispersion of DMPA-nTiO2 (2-4 molar ratio) in
ASPART-X IC320 Resin. From this image the spherical nanostructured morphology of
the nanoparticles can be observed. Moreover, it can be seen in Fig. 4.3 that the average
particle size of DMPA-nTiO2 in this dispersion is in the nano range, although some
aggregation of TiO2 nanoparticles is likely occurring.

100 nm

Fig. 4.3 TEM image of the dispersion of DMPA-nTiO2 (2-4 molar ratio) in ASPARTX IC320 Resin (100 nm scale). Titania nanopowder used in the sample is P25.
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4.3.2

Nanoparticle Size Analysis

The particle
article size distribution of nTiO2 dissolved in deionized water with respect to TiO2
is depicted in Fig. 4.4. The ttitania nanopowder used in the sample is P25. The nTiO2
particle Z-average diameter
eter is 286.3 nm. The Z-average
average diameter is the mean value of the
hydrodynamic diameter of a nanoparticle. Since the attenuation factor is 4 (less than 11),
the result is accurate,, although the instr
instrument
ument is likely measuring an aggregate size of
TiO2 nanoparticles. The
he attenuation factor of 11 means that the sample is highly sensitive
to any dust or other impurities in the solution and the result is less repeatable than when
run at higher concentratio
concentrations [104].

Fig. 4.4 Particle size distribution of nTiO2 dissolved in deionized water with respect
to TiO2. The attenuation factor is 4. Titania nanopowder used in the sample is P25.
The particle
article size distribution of nTiO2-DMPA dissolved in deionized water with respect
to TiO2 is depicted in Fig. 4.5. Titania nanopowder used in this sample is also P25. The
nTiO2-DMPA particle Z--average diameter is 349.6 nm. Since the attenuation factor is 4
(less than
han 11), the result is accurate, although the instrument is likely measuring an
aggregate size of TiO2 nanoparticles. The attenuation factor of 11 means that the sample
sam
is highly sensitive to any dust or other impurities in the solution and the result is less
repeatable than when run
runs at higher concentrations [104].
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Fig. 4.5 Particle size distribution of nTiO2-DMPA dissolved in deionized water with
respect to TiO2. The attenuation factor is 4. Titania nanopowder used in the sample
is P25.
The particle size distribution of nTiO2-DMPA dispersion in ASPART-X
ASPART IC320 Resin
dissolved in deionized water with respect to TiO2 is depicted in Fig. 4.6. Titania
nanopowder used in the sample is P25. The particle Z-average diameter of nTiO2-DMPA
dispersion in ASPART-X
X IC320 Resin is 334.7 nm. Since the attenuation factor is 4 (less
than 11), the result is accurate
accurate, although the instrument is likely measuring an aggregate
size of TiO2 nanoparticles. The attenuation factor of 11 means that the sample is highly
sensitive to any dust or othe
other impurities in the solution and the result is less repeatable
than when runs at higher concentrations [104].
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Fig. 4.6 Particle size distribution oof nTiO2-DMPA
DMPA dispersion in ASPART-X
ASPART IC320
Resin dissolved in deionized water with respect to TiO2. The attenuation factor is 4.
Titania nanopowder used in the sample is P25.
The titania in the dispersion (DMPA
(DMPA-nTiO2 in ASPART-X
X IC320 Resin) started out in
the nano range as shown in Fig. 4.4. When it was reacted
ed with the DMPA it formed larger
nano-sized particles compared to unfunctionalized nTiO2, as shown in Fig. 4.5. Milling of
the sample (DMPA-nTiO
nTiO2 in ASPART-X IC320 Resin) broke that down that resulted in
the formation of smaller nano
nano-sized particles compared to nTiO2-DMPA
DMPA as shown in Fig.
4.6.

4.3.3

Thermo-gravimetric
gravimetric Analysis

As previously
ously mentioned, DMPA was functionalized by coordination to nanotitania when
dispersed in IPA. The functionalized nTiO2-DMPA
DMPA monomer was characterized by
thermo-gravimetric
gravimetric analysis (TGA) in order to quantitatively demonstrate the
coordination of nanotitan
titania to DMPA. A TGA graph of functionalized nTiO2-DMPA
monomer is shown in Fig. 4.7, with P25 used as the titania nanopowder.
As depicted in Fig. 4.7,, the TGA graph can be broken into three distinct regions of weight
loss. A gradual weight loss of about 55%
% is observed below 200°C (the first region) due to
the evaporation of any remaining adsorbed and entrapped solvent or water in the sample.
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In the temperature range of 200-450°C (the second region), about 35% of weight loss is
observed. This weight loss is due to the decomposition of DMPA groups. Moreover, no
apparent weight loss is observed after 450°C (the third region), showing all DMPA has
been removed. As shown in Fig. 4.7, it is evident that DMPA has been successfully
functionalized with nanotitania.

Fig. 4.7 TGA graph of functionalized nTiO2-DMPA monomer. Titania nanopowder
used in the sample is P25. Functionalized nTiO2-DMPA was heated at the rate of
10oC/min under nitrogen flow from room temperature to 600oC.
Based on the TGA result as depicted in Fig. 4.7, and 100 g of functionalized nTiO2DMPA:
Mass of nTiO2: 65 g
Mass of DMPA: 35 g
Molecular weight of DMPA: 134.13 g/gmol
Molecular weight of TiO2: 79.87 g/gmol, thus:
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The amount of nTiO2 particles anchored to DMPA/100 g sample = 65/79.87 mol/100 g
sample = 0.81 mol/100 g sample.
The amount of DMPA anchored to nTiO2/100 g sample = 35/134.13 mol/100 g sample =
0.261 mol/100 g sample.
Based on the BET result:
Average particle size of nTiO2 particles: 22.7 nm
Assuming spherical shape for the nanoparticle:
The surface area of one nanoparticle: S = 4πr2 = 1618.8 nm2
The volume of one nanoparticle: V = 4/3 πr3 = 6124.6 nm3
The density of nTiO2-DMPA can be assumed to be comparable with the density of
nTiO2: ρ = 4.26 g/cm3 at 25°C
Mass of one nTiO2 particle: ρ × V = 2.61 × 10-17 g
Number of nTiO2 in the sample (nTiO2-DMPA): 65 / (2.61 × 10-17) = 2.5 × 1018
Total area of the sample (nTiO2-DMPA): 1618.8 × 2.5 × 1018 = 4.05 × 1021 nm2
Avogadro constant (NA) = 6.022 × 1023 mol-1, thus:
The amount of DMPA anchored to nTiO2: (0.261 × 6.022 × 1023) / (4.05 × 1021) = 38.8 #
DMPA / nm2
TGA was also conducted to measure the thermal stability of the 0.5 wt% functionalized
nTiO2/PU film. Decomposition temperature is defined by 50% weight loss of the material
[105]. The TGA output is shown in the form of percent weight loss as a function of
temperature in Fig. 4.8. The decomposition behavior of 0.5 wt% functionalized nTiO2/PU
film is in the form of a two step degradation process, and the decomposition temperature
for the sample is 435°C as shown in Fig. 4.8.
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5.5%

Fig. 4.8 TGA output for 0.5 wt% functionalized nTiO2/PU film. Titania nanopowder
used in the sample is P25.

4.3.4

Surface Hydrophilicity

The surface hydrophilicity test is conducted by examining the contact angle, which is
defined geometrically as the angle formed between a liquid droplet deposited on the
surface of a solid [78]. The sessile drop method was used to measure the contact angle
because of its accuracy and simplicity.
Contact angle photographs of virgin PU both before and after UV illumination for 30
minutes and 0.5 wt% functionalized nTiO2/PU both before and after UV illumination for
30 minutes are shown in Fig. 4.9. The contact angle of virgin PU before UV illumination
was 74.8° and after UV illumination for 30 minutes was changed to 74.4°. Therefore, the
contact angle was not changed much for virgin PU. The contact angle of 0.5 wt%
functionalized nTiO2/PU before UV illumination was 73.3° and after UV illumination for
30 minutes was dropped to 35.3°, indicating that 0.5 wt% functionalized nTiO2/PU
surface is turning into a more hydrophilic surface when UV irradiated.
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Fig. 4.9 Contact
ontact angle photograph of (a) virgin PU before UV illumination, (b)
virgin PU after UV illumination for 30 minutes, (c) 0.5 wt% functionalized
nTiO2/PU before UV illumination, and (d) 0.5 wt% functionalized nTiO2/PU after
UV illumination for 30 minutes.
Films consisting of only titania have water contact angles close to zero (0
( o±1o) when UV
irradiated [82-84].. Production of OH radicals by photogenerated holes can result in an
increase of OH groups, which results in increasing the surface energy, thus decreasing the
contact angle, and forming a super hydrophilic surface as a result [85]. Therefore,
functionalized nTiO2/PU surface had to show a decrease in water contact angle when UV
irradiated due to the nTiO2 coordination.

4.3.5

SEM and Elemental Mapping Analysis

The SEM image of virgin PU film and functionalized nTiO2/PU nanocomposite film are
depicted in Fig. 4.10 under the same magnification (30 µm scale). Fig. 4.10 (b) shows
good distribution of TiO2 nanofillers
rs in the polyurethane matrix, while Fig. 4.10 (a)
shows the virgin polyurethane without any nanofillers.

49

(a)

(b)

Fig. 4.10 SEM image of (a) virgin PU film and (b) functionalized nTiO2/PU
nanocomposite film under the same magnification (30 µm scale).
The EDX titanium mapping of functionalized nTiO2/PU nanocomposite film is shown in
Fig. 4.11. This elemental mapping shows the distribution of the element Ti, which comes
from the nTiO2, in the nanocomposite film. Very good distribution of the Ti in the
nanocomposite film is depicted in Fig. 4.11. This good distribution of nanotitania in the
polyurethane matrix would enhance the overall properties of the film.
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Fig. 4.11 EDX titanium mapping of functionalized nTiO2/PU nanocomposite film.

4.3.6

Qualitative Assessment of Antibacterial Activity

In this qualitative assessment, the antibacterial activity of functionalized nTiO2/PU
nanocomposite films as well as functionalized and unfunctionalized nTiO2/HDPE
nanocomposite films under the irradiation of a solar simulator (AM 1.5, parallel light
type) were tested by treating gram negative bacteria E. coli on the surface of the above
mentioned films for different periods of treatment time by using the streak plate method.
A control test was performed in order to guarantee that the bacterial cells on the surface
of virgin PU could survive under the irradiation of a solar simulator for the desired
treatment time. Therefore, the virgin PU was placed in a glass Petri dish, E. coli
suspension was spread over the surface of virgin PU, and solar simulator light was
irradiated on the surface of the control sample.
The images of the agar plates for the bactericidal activity test of virgin PU and
functionalized nTiO2/PU films against E. coli under different solar light irradiation times
are depicted in Fig. 4.12, with all the experiments performed in triplicate. The agar plates
that correspond to both virgin PU and functionalized nTiO2/PU films were full of E. coli
colonies in “0” time (without solar irradiation). After 40 minutes of solar irradiation, the
number of bacterial colonies in the agar plate that corresponded to functionalized
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nTiO2/PU film were decreased. In comparison, the number of E. coli colonies in the agar
plate corresponding to virgin PU film were not changed significantly. As depicted in Fig.
4.12, the longer solar simulator irradiation times on functionalized nTiO2/PU films
resulted in lower colony numbers of E. coli, while there was no significant change in
bacterial colonies that corresponded to the control sample (virgin PU). After solar
irradiation for 120 minutes on functionalized nTiO2/PU film, an average colony number
of only two survived compared with the initial approximate colony forming units of 1.5 ×
104. Therefore, due to the good distribution of nanotitania in the polyurethane matrix and
the photocatalytic activity of the functionalized nTiO2/PU films, a very good bactericidal
activity against gram negative bacteria (E. coli) was observed by a very significant
decrease in the number of bacterial colonies on the irradiated functionalized nTiO2/PU
nanocomposite films.
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Fig. 4.12 Qualitative assessments of antibacterial activity of control virgin PU and
functionalized nTiO2 films against E. coli under the irradiation of a solar simulator
simu
(AM 1.5, parallel light type
type) for different periods of treatment time (0 min, 40 min,
80 min, and 120 min).
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Since HDPE is more hydrophobic than PU, HDPE was used in this study for comparing
the antibacterial activity of nTiO2/HDPE nanocomposite coatings with that of the
nTiO2/PU nanocomposite coatings.
To examine the antibacterial activity of nTiO2/HDPE nanocomposite coatings, a control
test was performed in order to guarantee that the bacteria cells on the surface of virgin
HDPE could survive under the irradiation of a solar simulator for the desired treatment
time. Therefore, the virgin HDPE was placed in a glass Petri dish, E. coli suspension was
spread over the surface of virgin HDPE, and solar simulator light was irradiated on the
surface of the control sample.
The images of the agar plates for bactericidal activity test of virgin HDPE and
unfunctionalized nTiO2/HDPE films against E. coli under different solar light irradiation
times are depicted in Fig. 4.13. As shown in Fig. 4.13, all the experiments were
performed in duplicate. The agar plates that correspond to both virgin HDPE and
unfunctionalized nTiO2/HDPE films were full of E. coli colonies in “0” time (without
solar irradiation). After 2 and 4 hours of solar irradiation, the number of bacterial
colonies in agar plates that corresponds to both virgin HDPE and unfunctionalized
nTiO2/HDPE films remained unchanged. Therefore, no bactericidal activity against gram
negative bacteria (E. coli) was observed for the solar irradiated unfunctionalized
nTiO2/HDPE nanocomposite films.
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Fig. 4.13 Qualitative assessments of antibacterial activity of control virgin HDPE
and unfunctionalized
functionalized nTiO2 films against E. coli under the irradiation of a solar
simulator (AM 1.5, parallel light type
type) for different periods of treatment time (0
min, 2 hr, and 4 hr).
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No bactericidal activity against gram negative bacteria (E. coli) was observed for the
solar irradiated unfunctionalized nTiO2/HDPE nanocomposite films. Therefore, the
bactericidal activity of functionalized nTiO2/HDPE nanocomposite films was examined
in order to test the effect of functionalization on bactericidal activity of the HDPE titania
nanocomposite films.
The images of the agar plates for bactericidal activity test of virgin HDPE and
functionalized nTiO2/HDPE films against E. coli under different solar light irradiation
times are depicted in Fig. 4.14. As shown in Fig. 4.14, all the experiments were
performed in duplicate. The agar plates that correspond to both virgin HDPE and
functionalized nTiO2/HDPE films were full of E. coli colonies in “0” time (without solar
irradiation). After 2 and 4 hours of solar irradiation, the number of bacterial colonies in
agar plates that corresponds to both virgin HDPE and functionalized nTiO2/HDPE films
remained unchanged. Therefore, no bactericidal activity against gram negative bacteria
(E. coli) was observed for the solar irradiated functionalized nTiO2/HDPE nanocomposite
films.
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Fig. 4.14 Qualitative assessments of antibacterial activity of control virgin HDPE
and functionalized nTiO2 films against E. coli under the irradiation of a solar
simulator (AM 1.5, parallel light type
type) for different periods of treatment time (0
min, 2 hr, and 4 hr).

57

A very good bactericidal activity against gram negative bacteria (E. coli) was observed
by a very significant decrease in the number of bacterial colonies on the irradiated
functionalized nTiO2/PU nanocomposite films, while no bactericidal activity against E.
coli was observed for the solar irradiated unfunctionalized and functionalized
nTiO2/HDPE nanocomposite films. Therefore, polyurethane is a desirable polymer matrix
in making nanotitania polymer nanocomposite coatings when it comes to bactericidal
activity of the coatings.

4.3.7

Quantitative Assessment of Antibacterial Activity and
Leaching Test

In this quantitative assessment, the antibacterial activity of functionalized nTiO2/PU
nanocomposite films under solar light irradiation were tested by treating gram negative
bacteria (E. coli) and gram positive bacteria (M. luteus) on the surface of the above
mentioned films for different periods of treatment time by using the drop test method.
A control test was performed in order to guarantee that the bacteria cells on the surface of
virgin PU could survive under solar light irradiation for the desired treatment times.
Therefore, the virgin PU was placed in a sterilized glass Petri dish, PBS solution with
bacteria was added drop-wise onto its surface, and solar light was irradiated on the
surface of the control sample.
Bacterial survival ratio of E. coli cells in the presence of functionalized nTiO2/PU in dark
for 2 hours, virgin PU under solar irradiation for 2 hours, DMPA-PU under solar
irradiation for 2 hours, unfunctionalized nTiO2/PU under solar irradiation for 2 hours, and
functionalized nTiO2/PU under solar irradiation for 2 hours is shown in Fig. 4.15 below.
Bars indicate average values from three independent experiment data. Moreover, small
letters on the bars of Fig. 4.15 represent significant differences between the antibacterial
activity of coatings with post-hoc testing in a one-way ANOVA. A p value of less than
0.05 was considered significant.
Less than 0.1% of the E.coli cells survived on the surface of functionalized nTiO2/PU
nanocomposite coating when solar irradiated for 2 hours as shown in Fig. 4.15. Similar
bactericidal properties of the nTiO2/PU composite coatings against gram negative
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bacteria have been reported by Charpentier’s research group by using the spread plate
technique [11]. In the control experiments of virgin PU and DMPA-PU films after 2
hours of solar irradiation, there was a decrease in the number of survived bacterial
colonies as shown in Fig. 4.15. The possible reason for the above mentioned decreases in
the number of survived bacterial colonies is high temperature and the heat after solar
illumination for 2 hours. Furthermore, there was no decrease in the number of bacterial
colonies on the surface of functionalized nTiO2/PU nanocomposite film in the dark as
shown in Fig. 4.15.
There is a statistically significant difference between antibacterial activity of virgin PU
and unfunctionalized or functionalized nTiO2/PU films under solar illumination as
depicted in Fig. 4.15. The same significant difference is observed between antibacterial
activity of DMPA-PU and functionalized or unfunctionalized nTiO2/PU films under solar
illumination and in the dark, and also between antibacterial activity of functionalized
nTiO2/PU film in the dark and functionalized or unfunctionalized nTiO2/PU films under
solar illumination. Therefore, it is observed that nTiO2/PU nanocomposite film and solar
irradiation are both necessary for the bactericidal activity.
As depicted in Fig. 4.15, the antibacterial activity of functionalized nTiO2/PU
nanocomposite film is significantly higher than that of unfunctionalized titania
polyurethane nanocomposite film under solar illumination. Therefore, functionalization
of nTiO2/PU nanocomposite coating resulted in significantly better bactericidal activity
of the coating due to better distribution of titania nanoparticles in polyurethane matrix
compared to unfunctionalized nTiO2/PU nanocomposite coating.
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Fig. 4.15 Bacterial survival ratio of E. coli cells in the presence of (a) functionalized
nTiO2/PU in dark for 2 hours, (b) virgin PU under solar irradiation (AM 1.5,
parallel light type) for 2 hours, (c) DMPA-PU under solar irradiation (AM 1.5,
parallel light type) for 2 hours, (d) unfunctionalized nTiO2/PU under solar
irradiation (AM 1.5, parallel light type) for 2 hours, and (e) functionalized
nTiO2/PU under solar irradiation (AM 1.5, parallel light type) for 2 hours. Small
letters on the bars represent significant differences between antibacterial activity of
coatings with post-hoc testing in a one-way ANOVA, p<0.05.
The pseudo first order reaction rate constant for the photo-killing process of gram
negative bacteria (E. coli) by the functionalized nTiO2/PU nanocomposite coating under
solar irradiation was derived with k = 0.0289 min-1 as depicted in Fig. 4.16. Similar
pseudo first order kinetics for photocatalytic sterilization of gram negative bacteria in UV
and solar lights with k ranging from 0.0125 min-1 to 0.0998 min-1 have been reported by
Charpentier’s research group and by other researchers [11, 91, 92].

60

4
y = 0.0289x
R² = 0.9576

3.5

-ln(N/N0)

3
2.5
2
1.5
1
0.5
0
0

30

60

90

120

Illumination Time (min)

Fig. 4.16 Derivation of the pseudo first order reaction rate constant for the photokilling process of gram negative bacteria (E. coli) by the functionalized nTiO2/PU
nanocomposite coating under solar irradiation (AM 1.5, parallel light type).
Bacterial survival ratio of M. luteus cells in the presence of functionalized nTiO2/PU in
dark for 2 hours, DMPA-PU under solar irradiation for 2 hours, virgin PU under solar
irradiation for 2 hours, unfunctionalized nTiO2/PU under solar irradiation for 2 hours, and
functionalized nTiO2/PU under solar irradiation for 2 hours is shown in Fig. 4.17 below.
Bars indicate average values from three independent experiment data. Moreover, small
letters on the bars of Fig. 4.17 represent significant differences between the antibacterial
activity of coatings with post-hoc testing in a one-way ANOVA. A p value of less than
0.05 was considered significant.
Almost all of the M. luteus cells were killed (>99.95%) on the surface of functionalized
nTiO2/PU nanocomposite film when solar irradiated for 2 hours as shown in Fig. 4.17. In
the control experiments of virgin PU and DMPA-PU films after 2 hours of solar
irradiation, there was a decrease in the number of survived bacterial colonies. The
possible reason for the above mentioned decreases in the number of survived bacterial
colonies is high temperature and the heat after solar illumination for 2 hours.
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Furthermore, there was no decrease in the number of bacterial colonies on the surface of
the functionalized nTiO2/PU nanocomposite film in the dark as shown in Fig. 4.17.
There is a statistically significant difference between antibacterial activity of virgin PU
and unfunctionalized or functionalized nTiO2/PU films under solar illumination as
depicted in Fig. 4.17. The same significant difference is observed between antibacterial
activity of DMPA-PU and functionalized or unfunctionalized nTiO2/PU films under solar
illumination, and also between antibacterial activity of functionalized nTiO2/PU film in
the dark and functionalized or unfunctionalized nTiO2/PU films under solar illumination.
Therefore, it is observed that both nTiO2/PU nanocomposite film and solar irradiation are
necessary for the bactericidal activity.
As depicted in Fig. 4.17, the antibacterial activity of functionalized nTiO2/PU
nanocomposite film is higher than that of unfunctionalized titania polyurethane
nanocomposite film under solar illumination, although the difference between the above
mentioned

bactericidal

activities

is

not

statistically

significant.

Therefore,

functionalization of nTiO2/PU nanocomposite coating results in better bactericidal
activity of the coating due to better distribution of titania nanoparticles in the
polyurethane matrix compared to unfunctionalized nTiO2/PU nanocomposite coating.
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Fig. 4.17 Bacterial survival ratio of M. luteus cells in the presence of (a)
functionalized nTiO2/PU in dark for 2 hours, (b) DMPA-PU under solar irradiation
(AM 1.5, parallel light type) for 2 hours, (c) virgin PU under solar irradiation (AM
1.5, parallel light type) for 2 hours, (d) unfunctionalized nTiO2/PU under solar
irradiation (AM 1.5, parallel light type) for 2 hours, and (e) functionalized
nTiO2/PU under solar irradiation (AM 1.5, parallel light type) for 2 hours. Small
letters on the bars represent significant differences between antibacterial activity of
coatings with post-hoc testing in a one-way ANOVA, p<0.05.
The pseudo first order reaction rate constant for the photo-killing process of gram
positive bacteria (M. luteus) by the functionalized nTiO2/PU nanocomposite coating
under solar irradiation was derived with k = 0.0332 min-1 as depicted in Fig. 4.18. Similar
pseudo first order kinetics for photocatalytic sterilization of gram negative bacteria in UV
and solar lights with k ranging from 0.0125 min-1 to 0.0998 min-1 have been reported by
other researchers [11, 91, 92].
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Fig. 4.18 Derivation of the pseudo first order reaction rate constant for the photokilling process of gram positive bacteria (M. luteus) by the functionalized nTiO2/PU
nanocomposite coating under solar irradiation (AM 1.5, parallel light type).
Bacterial survival ratio of E. coli cells on virgin PU, M. luteus cells on virgin PU, E. coli
cells on functionalized nTiO2/PU, and M. luteus cells on functionalized nTiO2/PU is
shown in Fig. 4.19 below. All the samples were solar irradiated for 2 hours. Bars indicate
average values from three independent experiments. Moreover, small letters on the bars
of Fig. 4.19 represent significant differences between antibacterial activity of coatings
with post-hoc testing in a one-way ANOVA. A p value of less than 0.05 was considered
significant.
There is a statistically significant difference between the antibacterial activity of virgin
PU film against gram negative bacteria and the antibacterial activity of functionalized
nTiO2/PU film against gram negative/positive bacteria under solar illumination as
depicted in Fig. 4.19. The same significant difference is observed between the
antibacterial activity of virgin PU film against gram positive bacteria and the antibacterial
activity of functionalized nTiO2/PU film against gram negative/positive bacteria under
solar illumination.
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The antibacterial activity of virgin PU film against gram positive bacteria (M. luteus) is
significantly higher than that of virgin PU film against gram negative bacteria (E. coli) as
shown in Fig. 4.19. The light sensitivity of gram positive bacteria helps explain its higher
photo-killing rate purely from the solar illumination [100, 106].
The antibacterial activity of functionalized nTiO2/PU film against gram positive bacteria
(M. luteus) is significantly higher than that of functionalized nTiO2/PU film against gram
negative bacteria (E. coli) as shown in Fig. 4.19. Moreover, the photo-killing rate of M.
luteus (k = 0.0332 min-1) was more than that of E. coli (k = 0.0289 min-1). The lower
susceptibility of gram negative bacteria to light-activated antibacterial agents, such as
functionalized nTiO2/PU film, helps explain its lower photo-killing rate [107].
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Fig. 4.19 Bacterial survival ratio of (a) E. coli cells on virgin PU, (b) M. luteus cells
on virgin PU, (c) E. coli cells on functionalized nTiO2/PU, and (e) M. luteus cells on
functionalized nTiO2/PU. All the samples were solar irradiated (AM 1.5, parallel
light type) for 2 hours. Small letters on the bars represent significant differences
between antibacterial activity of coatings with post-hoc testing in a one-way
ANOVA, p<0.05.
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The proposed antibacterial mechanism for the above mentioned nanocomposite films is
as follows: the generation of hydroxyl radicals upon solar irradiation on functionalized
nTiO2/PU nanocomposite films results in oxidation/reduction of the CoA (which is a
mediatior of electorn transport between the bacterial cell and nanotitania) content of the
bacterial cell, and consequently results in damage to bacterial cells [108]. Moreover, the
oxidization of bacterial cells, which are adsorbed on the surface of titania, by hydroxyl
radicals is another proposed antibacterial mechanism for the above mentioned solar
irradiated nanocomposite films [93-95]. Peroxidation of phospholipids by hydroxyl
radicals is also another suggested bactericidal mechanism for killing of bacterial colonies
on functionalized nTiO2/PU nanocomposite films [89].
No leaching activity was observed for virgin PU and functionalized nTiO2/PU films. The
leaching test determined that the antimicrobial properties of the polymer were not leached
into solution.

4.4

Conclusions

From TEM images, the spherical nanostructured morphology of nTiO2, DMPA-nTiO2,
and DMPA-nTiO2 in ASPART-X IC320 Resin can be observed.
The titania in the dispersion (DMPA-nTiO2 in ASPART-X IC320 Resin) started out in
the nano range. When it was reacted with the DMPA it formed larger nano-sized particles
compared to unfunctionalized nTiO2. Milling of the sample (DMPA-nTiO2 in ASPARTX IC320 Resin) broke that down that resulted in the formation of smaller nano-sized
particles compared to nTiO2-DMPA.
It was confirmed by TGA that DMPA had been successfully functionalized with
nanotitania.
The contact angle was not changed much for virgin PU upon UV irradiation, while 0.5
wt% functionalized nTiO2/PU surface was turned into a more hydrophilic surface when
UV irradiated.
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Very good distribution of TiO2 nanofillers in the polyurethane matrix was exhibited by
SEM and elemental mapping analysis.
The antibacterial activity of nTiO2/PU nanocomposite coatings depends on bacterial
strain, light source, and light illumination time.
A very good bactericidal activity against gram negative bacteria (E. coli) was observed
by a very significant decrease in the number of bacterial colonies on the irradiated
functionalized nTiO2/PU nanocomposite films, while no bactericidal activity against E.
coli was observed for the solar irradiated unfunctionalized and functionalized
nTiO2/HDPE nanocomposite films. Therefore, polyurethane is a desirable polymer matrix
in making nanotitania polymer nanocomposite coatings when it comes to bactericidal
activity of the coatings.
It was observed that nTiO2/PU nanocomposite film and solar irradiation are both
necessary for the bactericidal activity.
Functionalization of nTiO2/PU nanocomposite coating resulted in better bactericidal
activity of the coating due to better distribution of titania nanoparticles in polyurethane
matrix compared to unfunctionalized nTiO2/PU nanocomposite coating.
The pseudo first order reaction rate constant for the photo-killing process of gram
negative bacteria (E. coli) and gram positive bacteria (M. luteus) by the functionalized
nTiO2/PU nanocomposite coating under solar irradiation was derived.
The lower susceptibility of gram negative bacteria to light-activated antibacterial agents,
such as functionalized nTiO2/PU film, helps explain its lower photo-killing rate compared
to gram positive bacteria.
The proposed antibacterial mechanism for the functionalized nTiO2/PU nanocomposite
films is as follows:

the generation of hydroxyl radicals upon solar irradiation on

functionalized nTiO2/PU nanocomposite films results in oxidation/reduction of the CoA
(which is a mediatior of electorn transport between the bacterial cell and nanotitania)
content of the bacterial cell, and consequently results in a damage to bacterial cells [108].
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Moreover, the oxidization of bacterial cells, which are adsorbed on the surface of titania,
by hydroxyl radicals is another proposed antibacterial mechanism for the above
mentioned solar irradiated nanocomposite films [93-95]. Peroxidation of phospholipids
by hydroxyl radicals is also another suggested bactericidal mechanism for killing of
bacterial colonies on functionalized nTiO2/PU nanocomposite films [89].
The leaching test determined that the antimicrobial properties of the polymer were not
leached into solution.
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Chapter 5

5

Antibacterial Activity of Silver Doped TiO2/Polyurethane
Nanocomposite Coatings
5.1

Introduction

Titania absorbs UV light with shorter than 390 nm wavelengths. These wavelengths only
cover about 3% of the entire solar spectrum, which imposes limitations on effectively
utilizing the available solar energy. The UV light content for indoor illumination is much
smaller than that of sunlight. That is, there will be a major problem for indoor
applications of titania nanoparticles as photocatalysts. Thus, it is desirable to increase the
optical activity of titania nanoparticles by lowering their band gap to obtain visible light
photocatalysts which can harvest wavelengths more than 390 nm [21].
The addition of a dopant agent to titania results in lowering of its band gap energy and
extension of its light absorption capacity to the visible part of the solar spectrum. Several
metal ions, such as Ag, Fe, V, Mn, and Cr can be used as dopant agents via the sol-gel
method or coprecipitation [21-23]. Among the numerous metal ions, Fe as a dopant agent
has been widely used because of its unique electronic structure and size which closely
matches that of titanium [22-24]. In this study, two metal doped TiO2 nanoparticles
(Fe/TiO2, and Ag/TiO2) were synthesized to control the band gap energy of TiO2
nanomaterials

and

hence

the

photocatalytic

activities

of

nTiO2/polyurethane

nanocomposite coatings. Moreover, several physico-chemical characterization techniques
(such as TGA, SEM, TEM, and XRD) were performed to probe into the internal structure
and properties of the above mentioned doped titania nanoparticles. The band gap energies
of the synthesized doped TiO2 nanoparticles were found to be in the range of 2.88-3.0 eV.
Furthermore, the photocatalytic reaction rate constant of iron and silver doped TiO2
nanoparticles along with undoped TiO2 nanoparticles were measured and compared under
solar light illumination.
Silver doped TiO2 nanoparticles were used in this study to make silver doped nTiO2/PU

nanocomposites. The bactericidal activity of these nanocomposite polymer coatings
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against gram negative bacteria (E. coli) were quantitatively evaluated and compared
under solar and visible light irradiation using the antibacterial drop test method [103].

5.2
5.2.1

Experimental
Materials

Acetic acid (CH3COOH), titanium isopropoxide (TIP) (99.999%) trace metals basis, Iron
chloride (FeCl3), and silver nitrate (Ag(NO3)) were purchased from Sigma-Aldrich
(Canada Ltd, Oakville, ON) and used as received. By using an in-house Millipore
purification system (Billerica, MA), laboratory grade water (LGW, 18 MΩ) was
prepared. DH5-Alpha strain of Escherichia coli (E. coli) was obtained from the
laboratory stock of the Chemical and Biochemical Engineering Department of Western
University. Materials used for bacterial culturing, including Trypticase Soy Broth (TSB)
and phosphate buffered saline (PBS) which were purchased from Sigma-Aldrich Canada
(Mississauga, ON).

5.2.2

Light Irradiation

Two different types of light irradiation were used in the quantitative assessment of
antibacterial activity: solar light (200-800 nm) and visible only light (λ ≥ 400 nm)
irradiation. The solar simulator used in this study is a 150W Newport Scientific 92250A1000 model with parallel light type and solar energy of AM 1.5, and was placed at a
constant distance of 40 cm from the nanofilms. The UV light intensity of this solar
simulator was 5.8 mW/cm2, and the power supply was Newport® 69907. The above
mentioned solar simulator equipped with a special UV cut-off filter (wavelength of light
less than 400 nm was eliminated) was used as the visible light source.

5.2.3

Synthesis of Fe/Ag doped TiO2 Nanoparticles

The procedure for the synthesis of Fe doped titana nanoparticles (0.05 atomic weight %
Fe/TiO2) by the sol-gel method is as follows: in a beaker of 100 ml deionized (DI) water,
acetic acid was added to the beaker and the solution was stirred to make its pH ~2.6. The
required amount of FeCl3 salt (0.001427 g) was added to the DI water and stirred to
dissolve completely. Then, 100 ml anhydrous ethanol was taken in a beaker. 6 ml TIP
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(titanium isopropoxide) was slowly added in the ethanol solution while stirring
continuously by using a magnetic stirrer. The resultant solution was transparent yellowish
in color and was slowly added into the prepared solution of FeCl3 in the DI water while
stirring continuously. The final solution mixture was stirred for 24 hours then left
unstirred for another 24 hours. Then, the solvents were evaporated by heating in an
oil/water bath at 100°C. The crystals were ground with a mortar and pestle and calcined
at 500°C for 3 hours to get Fe doped TiO2.
The procedure for the synthesis of Ag doped titana nanoparticles (0.05 atomic weight %
Ag/TiO2) by the sol-gel method is as follows: silver nitrate (AgNO3) was mixed with
reduction agent (sodium citrate tribasic dihydrate) and the reaction temperature was
raised to 80°C with continuous stirring. Then TIP and nitric acid (HNO3) were added and
the reaction was maintained at 50°C for 24 hours. The prepared sol was dried at 105°C
for 24 hours. The crystals were ground with a mortar and pestle and calcined at 500°C for
2 hours in air to obtain Ag doped TiO2.

5.2.4

Commercial PU and Ag doped TiO2/PU Mixture Preparation

In order to prepare control samples, ASPART-X IC320 Resin was mixed thoroughly
before use. Then, equal volumes of ASPART-X IC320 Resin and ASPART-X IC320 Iso
were combined for 1-1.5 minutes in a Barnstead Thermolyne Maxi Mix Type 37600
Mixer and stirred to a smooth consistency. Vortexing material was avoided as this would
introduce moisture into the product, causing prepolymerization. The resulting blends
were placed in a Teflon mold (with the length of 110 mm, width of 50 mm, and depth of
10 mm) or glass Petri dishes (with the radius of 5cm). Extra care was needed in order to
avoid the incorporation of air and the formation of bubbles in the final polyurethane
coating. Moreover, only the volume used within the pot life (40 minutes) was mixed.
Since ASPART-X IC320 is a moisture cure product, humidity greatly decreases pot life.
As a result, low humidity is more desirable. 24 hours of cure time was allowed before
antibacterial experimenting on these prepared samples. Drying time depends on ambient
humidity and temperature as well as the thickness of the film.
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Both ASPART-X IC320 Resin and ASPART-X IC320 Iso have high viscosity, and
titania nanoparticles as well as silver doped titania nanoparticles were poorly dispersed.
Therefore, in order to prepare nTiO2/PU or silver doped nTiO2/PU nanocomposite
samples, nTiO2 or silver doped nTiO2 was dispersed in 6mL of acetone as the solvent by
ultrasonication. Then, equal volumes of ASPART-X IC320 Resin and ASPART-X IC320
Iso (4mL of each) were added to the solution and mixed in a Barnstead Thermolyne Maxi
Mix Type 37600 Mixer. The resulting blend was then placed in a Teflon mold (with the
length of 110 mm, width of 50 mm, and depth of 10 mm) or glass Petri dishes (with the
radius of 5cm), and put in a Thermo Scientific Lindberg/Blue MTM Vaccum Oven over
night and at room temperature for degassing. Different weights of nTiO2 or silver doped
nTiO2 particles were used in order to make samples in which 1 wt% of the polyurethane
was titania.
The process for making virgin polyurethane coatings involved using 6mL acetone as
solvent in order to avoid experimental bias. The prepared coatings were then examined
for their antibacterial activity.

5.2.5
5.2.5.1

Characterization
SEM and TEM Analysis

The nanostructured morphologies of the samples were obtained from Scanning Electron
Microscopy (SEM) micrographs (Model LEO 1530) and Transmission Electron
Microscopy (TEM) (Model JEOL 2010F) 200 KeV Schottky Field Emission Microscope
(TEM/STEM). Samples for SEM imaging were prepared by applying the powder directly
to a carbon adhesive tape. For TEM analysis, the powdered samples were dispersed in
methanol by ultrasonication and then placed on a copper grid covered with holey carbon
film and dried by normal evaporation.

5.2.5.2

Nanoparticle Size Analysis

Malvern Zetasizer Nano S (Model ZEN 1600) particle size analyzer was used for
measuring the particle size of Fe and Ag doped nTiO2 with respect to TiO2. The Zetasizer
Nano S system determines the size by first measuring the Brownian motion of the
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particles in a sample using Dynamic Light Scattering (DLS) and then interpreting a size
from this using established theories. The particle size ranges are 0.6 nm to 6 µm.
Particle size distribution measurements were carried out at a position of 1.25 mm from
the cuvette wall with an automatic attenuator and at room temperature. All samples were
dispersed in deionized (DI) water and sonicated for 20 minutes. The sample
concentrations were selected such that the samples developed a slightly milky appearance
– i.e. became slightly turbid. Various concentrations of the sample were measured in
order to detect and then avoid concentration dependant effects (i.e. particle interactions).
The concentration was chosen such that the result was independent of the chosen
concentration. 500 µl volume of each sample was measured in polystyrene half-micro
cuvettes (Fisher Emergo, Landsmeer, The Netherlands).

5.2.5.3

BET Surface Area Measurement

The Brunauer–Emmett–Teller (BET) surface area analysis was performed on the Fe and
Ag doped titania nanoparticles by nitrogen adsorption and desorption isotherm data
obtained at 77 K with Tristar II 3020, Micromeritics® Instrument Corporation using
nitrogen gas (99.995% pure, obtained from Praxair, Canada). The prepared Fe and Ag
doped TiO2 samples were degassed at 150°C overnight before BET surface area
measurements.

5.2.5.4

X-ray Diffraction Analysis

Structural analysis of the samples was performed using an X-ray powder diffractometer
[D2 Phaser XRD, Bruker], fitted with a rotating sample holder, a scintillation counter
detector and a divergent beam utilizing a Cu Kα source of X-rays (λ = 1.5418 °A).

5.2.5.5

UV-Vis Spectra Measurement

UV spectra were performed on the Fe and Ag doped TiO2 nanoparticles by Shimadzu®
UV-3600 deuterium arc lamp and two different detectors (PMT and PbS) with
absorbance and transmittance spectra in the wavelength range of 350-800 nm (for Fe
doped TiO2) and 350-650 nm (for Ag doped TiO2) at room temperature. An integrating
sphere was utilized in order to measure diffuse reflectance of the material.
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5.2.5.6

Thermo-gravimetric Analysis

Thermo-gravimetric analysis (TGA) was performed to determine the presence of volatile
species and decomposition temperatures using TA Q500 TGA at a heating rate of
10°C/min under an inert (nitrogen) atmosphere. The real time weight loss as function of
temperature was recorded during the experiment by using Universal Analysis 2000 data
acquisition system.

5.2.6

Photocatalytic Activity Measurement

Photocatalytic degradation of methylene blue dye (from Sigma-Aldrich) as a model
organic component was investigated under solar light (200-800 nm) and visible (λ ≥ 400
nm) only light irradiation. A solar simulator (Model: Newport Scientific 92250A-1000)
with a 1000 watt xenon arc lamp equipped with an air mass filter (AM filter) AM 1.5 G
(λ > 290 nm) and a special UV cut-off filter (wavelength of light less than 400 nm was
eliminated) were used as the visible light source. Typically, a mixture of aqueous
methylene blue solution (5µg/L) and 1.67 mg/L of undoped/doped titanium dioxide
nanoparticles

were

vigorously

stirred

for

60

minutes

to

establish

the

adsorption/desorption equilibrium in the dark. Then the reaction solution was irradiated
under solar or visible light in an open water-jacketed vertical photo-reactor, which was
placed on a magnetic stirrer during all experiments, under aerated conditions. The
temperature of the reactions was controlled at 22±1°C by circulating cooling water. At
given time intervals, 5 mL aliquots were sampled and centrifuged to remove the particles.
The filtrates were analyzed by UV-Vis spectrophotometer (Shimadzu 3600) for
concentration analysis. According to the standard curve of absorption to concentration,
the ∆C/C0 values were calculated.

5.2.7

Antibacterial Drop Test

This method was used to evaluate 1 wt% Ag doped titania polyurethane nanocomposite
coatings in killing bacteria on the coating surface under solar and visible light
illumination. The purpose of this test was to determine if 1 wt% Ag doped nTiO2/PU
polymer coatings are effective agents in killing bacteria when applied to the surface.
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The antibacterial activities of the charged surfaces against gram negative bacteria E. coli
(ATCC 25922) were studied using the antibacterial drop-test [103]. A fresh culture of E.
coli was grown in Trypticase Soy Broth for 18-24 hours at 37ºC prior to performing the
test. The culture was diluted to approximately 106 colony forming units (CFU)/mL in
phosphate buffered saline (PBS) solution. The samples were placed in sterilized glass
Petri dishes. 100 µL of PBS solution with bacteria was added drop-wise by a dispenser
onto sterilized surfaces until completely covered. The Petri dishes were sealed and placed
in an incubator at 37° C with humidity and visible light. After 45, 90, 135, and 180
minutes, the bacteria were washed from the surface of the sample by using 10 mL PBS in
the sterilized Petri dish. From this solution, 1 mL was added to 9 mL PBS and mixed well
then 100 µL was poured into plate count agar. After incubation for 24 hours at 37°C,
numbers of surviving bacterial colonies on the Petri dishes were counted. To analyze the
quantitative data, one-way ANOVA was performed using SPSS software. A p value of
less than 0.05 was considered significant.

5.3
5.3.1

Results and Discussion
SEM and TEM Analysis

Fig. 5.1 shows the SEM and TEM images of the Fe doped titania nanoparticles (0.05
atomic weight %) formed by the sol-gel method and calcined at 500°C for 3 hours. From

these images the spherical nanostructured morphology of particles can be observed.
Moreover, it can be seen in Fig. 5.1 b that the average particle size of Fe doped titania
nanoparticles is 20-30 nm.
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Fig. 5.1 (a) SEM image of the Fe doped TiO2 nanoparticles (0.05 atomic weight %)
formed by the sol-gel
gel method and calcined at 500°C for 3 hours (200 nm scale) and
(b) TEM image of the Fe doped TiO2 nanoparticles (0.05 atomic weight %) formed
by the sol-gel method and calcined at 500°C for 3 hours (50 nm scale).
scale)
Fig. 5.2 shows the SEM and TEM imag
images
es of the Ag doped titania nanoparticles (2.0
atomic weight %) formed by the sol
sol-gel method and calcined at 500°C for 2 hours.
hours From

these images the spherical nanostructured morphology of particles can be observed.
Moreover, it can be seen in Fig. 5.2 b that the average particle size of Ag doped titania
nanoparticles is 20 nm.
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Fig. 5.2 (a) SEM image of theAg doped TiO2 nanoparticles (2.0 atomic weight %)
formed by the sol-gel
gel method and calcined at 300°C (200 nm scale) and (b) TEM
image of the Ag doped TiO2 nanoparticles formed by the sol-gel
gel method and
calcined at 500°C for 2 hours (100 nm scale).

5.3.2

Nanoparticle Size Analysis and BET Surface Area
Measurment

The particle size analysis of Fe doped nTiO2 nanoparticles with different atomic weight
percentages of Fe (0.0, 0.005, 0.05, 0.5, 1.0, and 5.0) dissolved in deionized water with
respect to TiO2 is depicted in Table 5.1. Since the attenuation factorss are less than 11,
11 the
results are accurate, although the instrument is likely measuring an aggregate size of TiO2
nanoparticles. The
he attenuation factor of 11 means that the sample is highly sensitive to
any dust or other impurities in the solution and the result is less repeatable than when
runs at higher concentrations [104]. Fe doped titania nanoparticles with 0.5 and 0.05
atomic weight percent of Fe have the minimal Z
Z-average
rage diameter as depicted in Table
5.1,, and are more desirable than the other Fe doped titania nanoparticles. The increase of
Z-average
average diameter with the increase of atomic weight percentage of Fe from 0.5 to 1.0
and
nd 5.0 could be attributed to the agglomeration of the powder.
Surface area is a very important factor in chemical kinetics. Increasing the surface area of
a substance, e.g. a catalyst, can generally increase the rate of a chemical reaction. BET
surface area analysis of Fe doped TiO2 nanoparticles with different atomic weight
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percentages of Fe (0.0, 0.005, 0.05, 0.5, 1.0, and 5.0) is shown in Table 5.1. Fe doped
titania nanoparticles with 0.5 and 0.05 atomic weight percent of Fe have the maximal
surface area as depicted in Table 5.1, and are more desirable than the other Fe doped
titania nanoparticles. Fe doped TiO2 nanoparticles with similar atomic weight percentages
of Fe have the maximal surface area as reported by other researchers [109]. The decrease
of BET surface area with the increase of atomic weight percentage of Fe from 0.5 to 1.0
and 5.0 could be attributed to the agglomeration of the powder.
Table 5.1 BET surface area and nanoparticle size (Z-average diameter) analysis of
Fe doped TiO2 nanoparticles with different atomic weight percentages of Fe (0.0,
0.005, 0.05, 0.5, 1.0, and 5.0).
Fe in TiO2
(atomic weight percent)

BET surface area
(m2/g)

Z-average diameter
(nm)

0.0

53.12

83.51

0.005

92.71

64.02

0.05

117.94

51.59

0.5

118.82

54.71

1.0

108.43

59.63

5.0

80.23

70.49

The particle size analysis of Ag doped nTiO2 nanoparticles with different atomic weight
percentages of Ag (0.0, 0.5, 1.0, 2.0, and 3.0) dissolved in deionized water with respect to
TiO2 is depicted in Table 5.2. Since the attenuation factors are less than 11, the results are
accurate, although the instrument is likely measuring an aggregate size of TiO2
nanoparticles. The attenuation factor of 11 means that the sample is highly sensitive to
any dust or other impurities in the solution and the result is less repeatable than when
runs at higher concentrations [104]. Ag doped titania nanoparticles with 2.0 atomic
weight percent of Ag have the minimal Z-average diameter as depicted in Table 5.2, and
are more desirable than the other Ag doped titania nanoparticles. The increase of Z-
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average diameter with the increase of atomic weight percentage of Ag from 2.0 to 3.0
could be attributed to the agglomeration of the powder.
BET surface area analysis of Ag doped TiO2 nanoparticles with different atomic weight
percentages of Ag (0.0, 0.5, 1.0, 2.0, and 3.0) is shown in Table 5.2. Ag doped titania
nanoparticles with 2.0 atomic weight percent of Ag have the maximal surface area as
depicted in Table 5.2, and are more desirable than the other Ag doped titania
nanoparticles. The decrease of BET surface area with the increase of atomic weight
percentage of Ag from 2.0 to 3.0 could be attributed to the agglomeration of the powder.
Table 5.2 BET surface area and nanoparticle size (Z-average diameter) analysis of
Ag doped TiO2 nanoparticles with different atomic weight percentages of Ag (0.0,
0.5, 1.0, 2.0, and 3.0).

5.3.3

Ag in TiO2
(atomic weight percent)

BET surface area
(m2/g)

Z-average diameter
(nm)

0.0

53.12

83.51

0.5

126.76

50.07

1.0

135.93

46.11

2.0

142.68

38.86

3.0

133.32

43.32

XRD Analysis

XRD patterns of pure anatase TiO2 and Fe doped TiO2 nanoparticles with different
atomic weight percentages of Fe (0.005, 0.05, 0.5, 1.0, and 5.0) are depicted in Fig. 5.3.
The Fe dopant in Fe doped titania nanoparticles, with 0.005, 0.05, 0.5, and 1.0 atomic
weight percentages of Fe, is integrated well into the crystal lattice as shown in Fig. 5.3.
However, the Fe dopant in Fe doped titania nanoparticles with 5.0 atomic weight percent
of Fe is not integrated well into the crystal. The XRD patterns of the Fe doped TiO2
nanoparticles, with 0.005, 0.05, 0.5, and 1.0 atomic weight percentages of Fe, show welldefined peaks assigned to the diffraction peaks of pure anatase phase [JCPDS cards No.
21-1272], that shows the high crystallinity of these samples.
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Fig. 5.3 XRD results of Fe doped TiO2 nanoparticles with different atomic weight
percentages of Fe (0.0, 0.005, 0.05, 0.5, 1.0, and 5.0). A represents anatase phase.
XRD patterns of Ag doped TiO2 nanoparticles with different atomic weight percentages
of Ag (0.5, 1.0, 2.0, and 3.0) are depicted in Fig. 5.4. The Ag dopant in Ag doped titania
nanoparticles, with 0.5, 1.0, 2.0, and 3.0 atomic weight percentages of Ag, is integrated
well into the crystal lattice as shown in Fig. 5.4. The XRD patterns of the Ag doped TiO2
nanoparticles, with 0.5, 1.0, 2.0, and 3.0 atomic weight percentages of Ag, show welldefined peaks assigned to the diffraction peaks of pure anatase phase [JCPDS cards No.
21-1272], that shows the high crystallinity of these samples.
The average crystallite size is calculated by using the Scherer equation: d = 0.94λ /
β1/2cosθ (where λ = characteristic x-ray wavelength applied = 1.5418 °A; and β = half
width of the peak at the 2θ value). Thus, d0.5AgTiO2 = 15.23 nm, d1.0AgTiO2 = 15.98 nm,
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d2.0AgTiO2 = 18.12 nm, and d3.0AgTiO2 = 18.34 nm. Therefore, the crystallite size increases
with the increase of the Ag concentration from 0.5 to 3.0 atomic weight percent.
Moreover, the calculated average crystallite size of 2.0 atomic weight % Ag doped TiO2
nanoparticles is in good agreement with the aforementioned electron microscopy results.
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Fig. 5.4 XRD results of Ag doped TiO2 nanoparticles with different atomic weight
percentages of Ag (0.5, 1.0, 2.0, and 3.0). A represents anatase phase.

5.3.4

UV-Vis Spectra Measurement

UV-Vis spectra of Fe doped TiO2 nanoparticles with different atomic weight percentages
of Fe (0.0, 0.005, 0.05, 0.5, 1.0, and 5.0) are depicted in Fig. 5.5. The band gap energy is
calculated by using the formula of Eg = h × C / λ (where h = Planck’s constant, C = speed
of light, and λ = cut off wavelength). The cut off wavelength increases by increasing Fe
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concentration from 0.0 to 5.0 atomic weight percent as shown in Fig. 5.5. Therefore, by
increasing the Fe concentration from 0.0 to 5.0 atomic weight percent, the band gap
energy is reduced, the absorption ability of visible light increases, and the optical
property of the Fe doped titania nanoparticles is enhanced. A similar reduction of band
gap energy by increasing the Fe concentration in Fe doped TiO2 nanoparticles and films
has been reported by other researchers [110, 111].

Fig. 5.5 UV-Vis spectra of Fe doped TiO2 nanoparticles with different atomic weight
percentages of Fe (0.0, 0.005, 0.05, 0.5, 1.0, and 5.0).
UV-Vis spectra of Ag doped TiO2 nanoparticles with different atomic weight percentages
of Ag (0.5, 1.0, 2.0, and 3.0) are depicted in Fig. 5.6. The band gap energy is calculated
by using the formula of Eg = h × C / λ (where h = Planck’s constant = 6.626 × 10-34
joule.sec; C = speed of light = 3.0 × 108 meter/sec; and λ = cut off wavelength). The cut
off wavelength increases by increasing the Ag concentration from 0.5 to 3.0 atomic
weight percent as shown in Fig. 5.6. From Fig. 5.6, the cut off wavelengths of Ag doped
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titania nanoparticles are calculated, then the band gap energies are calculated from the
above mentioned formula and 1 eV = 1.6 × 10-19 joules. Thus, Eg-0.5AgTiO2 = 2.95 eV, Eg1.0AgTiO2

= 2.91 eV, Eg-2.0AgTiO2 = 2.88 eV, and Eg-3.0AgTiO2 = 2.88 eV as shown in Table

5.3. Therefore, by increasing Ag concentration from 0.5 to 3.0 atomic weight percent, the
band gap energy is reduced, the absorption ability of visible light increases, and the
optical property of the Ag doped titania nanoparticles is enhanced. Moreover, the
addition of the Ag dopant to titania results in lowering of titania’s band gap and extension
of its light absorption capacity to the visible part of the solar spectrum. A similar
reduction of band gap energy by increasing the Ag concentration in Ag doped TiO2
nanoparticles has been reported by other researchers [112].
Table 5.3 Band gap energy analysis of Ag doped TiO2 nanoparticles with different
atomic weight percentages of Ag (0.5, 1.0, 2.0, and 3.0).
Ag in TiO2 (atomic weight percent)

0.5

1.0

2.0

3.0

Band gap energy (eV)

2.95

2.91

2.88

2.88
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Fig. 5.6 UV-Vis spectra of Ag doped TiO2 nanoparticles with different atomic weight
percentages of Ag (0.5, 1.0, 2.0, and 3.0).

5.3.5

Thermo-gravimetric Analysis

The TG curve of Fe doped titania nanoparticles (0.05 atomic weight %) is depicted in
Fig. 5.7. The sample was heated at a rate of 10°C/min under nitrogen flow from room
temperature to 1000°C. As depicted in Fig. 5.7, the TGA graph can be broken into three
distinct regions of weight loss. A gradual weight loss of about 18% is observed below
290°C (the first region) due to the evaporation of any remaining adsorbed and entrapped
solvent or water in the sample. In the temperature range of 290-330°C (the second
region), about 22% of weight loss is observed. This weight loss is due to the elimination
of organic components. The last weight loss (about 4%) is observed above 330°C (the
third region). Moreover, the thermo-gravimetric analysis result shows that degradation of
organics were completed at 500°C since no further weight change was observed in Fig.
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5.7. Similar TGA pattern of Fe doped TiO2 nanoparticles have been reported by other
researchers [113].

Fig. 5.7 TG curve of Fe doped titania nanoparticles (0.05 atomic weight %).
Sample was heated at a rate of 10oC/min under nitrogen flow from room
temperature to 1000oC.
The TG curve of Ag doped titania nanoparticles (2.0 atomic weight %) is depcted in Fig.
5.8. The sample was heated at a rate of 10°C/min under nitrogen flow from room
temperature to 1000°C. As depicted in Fig. 5.8, the TGA graph can be broken into three
distinct regions of weight loss. A gradual weight loss of about 18% is observed below
290°C (the first region) due to the evaporation of any remaining adsorbed and entrapped
solvent or water in the sample. In the temperature range of 290-330°C (the second
region), about 22% of weight loss is observed. This weight loss is due to the elimination
of organic components. The last weight loss (about 4%) is observed above 330°C (the
third region). Moreover, the thermo-gravimetric analysis result shows that degradation of
organics were completed at 500°C since no further weight change was observed in Fig.
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5.8. Similar TGA pattern of Ag doped TiO2 nanopowders have been reported by other
researchers [114].

Fig. 5.8 TG curve of Ag doped titania nanoparticles (2.0 atomic weight %). Sample
was heated at a rate of 10oC/min under nitrogen flow from room temperature to
1000oC.

5.3.6

Photocatalytic Activity Test

A comparison of the photocatalytic reaction (photocatalytic degradation of methylene
blue dye) rate constant of Fe doped TiO2 nanoparticles with different atomic weight ratios
of Fe/TiO2, along with undoped TiO2 nanoparticles under solar light illumination is
shown in Fig. 5.9. The rate constant (k) of the Fe doped TiO2 nanoparticles with Fe/TiO2
atomic weight ratio of 0.005 was higher than that of the other Fe doped and undoped
TiO2 nanoparticles. Moreover, increasing the Fe/TiO2 atomic weight ratio of Fe doped
TiO2 nanoparticles to 0.5 and 5.0 resulted in a sharp decrease in photocatalytic reaction
rate constant. As a result, the Fe doped titania photocatalyst with the optimum Fe/TiO2
atomic weight ratio of 0.005 was selected to be compared with the Ag doped titania
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photocatalyst with the optimum Ag/TiO2 atomic weight ratio, which will
ill be determined
later in this study.

Fig. 5.9 Comparison of photocatalytic reaction rate constants of Fe doped TiO2
nanoparticles
anoparticles with different atomic weight ratios of Fe/TiO2 under solar light
illumination (AM 1.5, parallel light type
type).
A comparison of the photocatalytic reaction (photocatalytic degradation of methylene
blue dye) rate constant of Ag doped TiO2 nanoparticles
icles with different atomic weight
ratios of Ag/TiO2 under solar light illumination is shown in Fig. 5.10.. The rate constant
(k) of the Ag doped TiO2 nanoparticles with Ag/TiO2 atomic weight ratio of 0.02 was
higherr than that of the other Ag doped TiO2 nanoparticles. As a result, the Ag doped
titania photocatalyst with the optimum Ag/TiO2 atomic weight ratio of 0.02
0.0 was selected
to be compared with the Fe doped titania photocatalyst with the optimum Fe/TiO2 atomic
weight ratio of 0.005.
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Fig. 5.10 Comparison of photocatalytic reaction rate constant
constants of Ag doped TiO2
nanoparticles with different atomic weight ratios of Ag/TiO2 under solar light
illumination (AM 1.5, par
parallel light type).
A comparison of the photocatalytic reaction (photocatalytic degradation of methylene
blue dye) rate constant of Fe doped TiO2 (0.5 atomic weight % Fe/TiO2), and Ag doped
TiO2 (2.0 atomic weight % Ag/TiO2) nanoparticles along with undoped TiO2
nanoparticles under solar light
light, and visible light illumination is shown in Error! Reference
source not found..
Both Ag and Fe dopant agents widened the absorption profile of TiO2 in the visible
region of light.
ht. That is, the iron doped and silver doped titania photocatalysts showed
much higher visible light photocatalytic activity compared to undoped titania
photocatalyst as shown in Fig. 5.11.
Under solar light irradiation,
ation, tthe rate constant (k) of the Ag doped TiO2 nanoparticles
with Ag/TiO2 atomic weight % of 2.0 was higher than that of the other TiO2
nanoparticles and was about three times higher than that of the undoped TiO2. Under
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visible light irradiation, the rate constant (k) of the Ag doped TiO2 nanoparticles with
Ag/TiO2 atomic weight % of 2.0 was higher than that of the other TiO2 nanoparticles. As
shown in Error! Reference source not found., the rate constant of visible light irradiated
g doped TiO2 nanoparticles (2.0 atomic weight % Ag/TiO2) was even higher than that of
solar light irradiated Fe doped TiO2 (0.5 atomic weight % Fe/TiO2).
In summary, the Ag doped titania showed significantly higher photocatalytic properties
for degrading methylene blue compared to undoped and Fe doped titania in visible light
condition (using UV cut-off filter) as well as in UV-Vis (solar light) illumination.
Solar light irradiation

Visible light irradiation

0.4

ҡ (min-1)

0.3

0.2

0.1

0

Undoped
Undoped TiO2
TiO2

Fe doped TiO2
(0.5 at.
Ag doped TiO2
(2.0 at.
Fe doped
TiO%
Ag doped
TiO%2 Ag/TiO2)
2 Fe/TiO2)
(0.5 at.% Fe/TiO2)
(2.0 at.% Ag/TiO2)

Fig. 5.11 Comparison of photocatalytic reaction rate constants of undoped TiO2, Fe
doped TiO2 (0.5 atomic weight % Fe/TiO2), and Ag doped TiO2 (2.0 atomic weight
% Ag/TiO2) nanoparticles under solar light (AM 1.5, parallel light type) and visible
light illumination.
Since the photocatalytic reaction (photocatalytic degradation of methylene blue dye) rate
constant of Ag doped TiO2 nanoparticles was generally higher than that of Fe doped TiO2

nanoparticles under both solar and visible light illumination, Ag was used as the dopant
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agent to make silver doped TiO2/PU nanocomposite coatings in order to examine their
antibacterial activities.

5.3.7

Quantitative Assessment of Antibacterial Activity

In this quantitative assessment, the antibacterial activity of silver doped nTiO2/PU
nanocomposite films under visible light irradiation was tested by treating gram negative
bacteria E. coli on the surface of the above mentioned films for different periods of
treatment time by using the drop test method.
A control test was performed in order to guarantee that the bacteria cells on the surface of
virgin PU could survive under visible light irradiation for the desired treatment times.
Therefore, the virgin PU was placed in a sterilized glass Petri dish, PBS solution with
bacteria was added drop-wise onto its surface, and visible light was irradiated on the
surface of the control sample.
Bacterial survival ratio of E. coli cells in the presence of silver doped nTiO2/PU in dark
for 2 hours, virgin PU under visible light irradiation for 2 hours, undoped nTiO2/PU
under visible light irradiation for 2 hours, silver doped nTiO2/PU under visible light
irradiation for 2 hours, and silver doped nTiO2/PU under solar irradiation for 2 hours is
shown in Fig. 5.12 below. Bars indicate the average value from three independent
experiment data. Moreover, small letters on the bars of Fig. 5.12 represent significant
differences between antibacterial activity of coatings with post-hoc testing in a one-way
ANOVA. A p value of less than 0.05 was considered significant.
In the control experiment, after 3 hours of visible light irradiation on virgin PU film, there
was either no decrease or a slight decrease in the number of survived bacterial colonies.
There was also no decrease in the number of bacterial colonies on the surface of silver
doped nTiO2/PU nanocomposite film in the dark as shown in Fig. 5.12.
There is a statistically significant difference between the antibacterial activity of virgin
PU film under visible light irradiation and undoped or silver doped nTiO2/PU films under
solar and visible light illumination as depicted in Fig. 5.12. The same significant
difference is observed between antibacterial activity of silver doped nTiO2/PU film in the
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dark and undoped or silver doped nTiO2/PU films under solar and visible light
irradiation. Therefore, it is observed that silver doped nTiO2/PU nanocomposite film and
visible light irradiation are both necessary for the bactericidal activity.
As depicted in Fig. 5.12, the antibacterial activity of the silver doped nTiO2/PU
nanocomposite film under solar and visible light irradiation is significantly higher than
that of undoped titania polyurethane nanocomposite film under visible light illumination.
For all illumination sources used in this study (visible and solar light), the silver doped
nTiO2/PU nanocomposite film showed higher bactericidal activity due to the relatively
decreased band gap and consequently visible light absorption ability.
The antibacterial activity of silver doped nTiO2/PU nanocomposite film under solar
illumination is significantly higher than that of silver doped titania polyurethane
nanocomposite film under visible light illumination as shown in Fig. 5.12. Less than
0.1% of E.coli cells survived on the surface of silver doped nTiO2/PU nanocomposite
coating when solar irradiated for 3 hours as shown in Fig. 5.12. Although the antibacterial
activity of silver doped nTiO2/PU film under visible light illumination is significantly
lower than that of silver doped nTiO2/PU film under solar illumination, the visible light
activated titania coatings offer broad application field.
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Fig. 5.12 Bacterial survival ratio of E. coli cells in the presence of (a) Ag doped
nTiO2/PU in dark for 2 hours, (b) virgin PU under visible light irradiation for 2
hours, (c) undoped nTiO2/PU under visible light irradiation for 2 hours, (d) Ag
doped nTiO2/PU under visible light irradiation for 2 hours, and (e) Ag doped
nTiO2/PU under solar irradiation (AM 1.5, parallel light type) for 2 hours. Small
letters on the bars represent significant differences between antibacterial activity of
coatings with post-hoc testing in a one-way ANOVA, p<0.05.
The pseudo first order reaction rate constant for the photo-killing process of gram
negative bacteria (E. coli) by the silver doped nTiO2/PU nanocomposite coating under
visible light irradiation was derived with k = 0.017 min-1 as depicted in Fig. 5.13. Similar
pseudo first order kinetics for photocatalytic sterilization of gram negative bacteria in
visible light and solar light (AM 1.5) have been reported by other researchers [92].
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Fig. 5.13 Derivation of the pseudo first order reaction rate constant for the photokilling process of gram negative bacteria (E. coli) by the silver doped nTiO2/PU
nanocomposite coating under visible light irradiation.

5.4

Conclusions

From SEM and TEM images, the spherical nanostructured morphology of Fe and Ag
doped nTiO2 particles can be observed. Moreover, the average particle size of Fe and Ag
doped titania nanoparticles is 20-30 nm.
Fe doped titania nanoparticles with 0.5 and 0.05 atomic weight percent of Fe have the
maximal surface area and the minimal Z-average diameter, and are more desirable than
the other Fe doped titania nanoparticles. The decrease of BET surface area and the
increase of Z-average diameter with the increase of atomic weight percentage of Fe from
0.5 to 1.0 and 5.0 could be attributed to the agglomeration of the powder.
Ag doped titania nanoparticles with 2.0 atomic weight percent of Ag have the maximal
surface area and the minimal Z-average diameter, and are more desirable than the other
Ag doped titania nanoparticles. The decrease of BET surface area and the increase of Z-
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average diameter with the increase of atomic weight percentage of Ag from 2.0 to 3.0
could be attributed to the agglomeration of the powder.
The Fe dopant in iron doped titania nanoparticles, with 0.0, 0.005, 0.05, 0.5, and 1.0
atomic weight percentages of Fe, is integrated well into the crystal lattice. However, the
Fe dopant in Fe doped titania nanoparticles with 5.0 atomic weight percent of Fe is not
integrated well into the crystal.
The Ag dopant in silver doped titania nanoparticles, with 0.5, 1.0, 2.0, and 3.0 atomic
weight percentages of Ag, is integrated well into the crystal lattice. The average
crystallite size is calculated by using the Scherer equation. The crystallite size increases
with the increase of the Ag concentration from 0.5 to 3.0 atomic weight percent.
The band gap energy is calculated by using the formula of Eg = h × C / λ. The cut off
wavelength increases by increasing Fe concentration from 0.0 to 5.0 atomic weight
percent. Therefore, by increasing Fe concentration from 0.0 to 5.0 atomic weight percent,
the band gap energy is reduced, the absorption ability of visible light increases, and the
optical property of the iron doped titania nanoparticles is enhanced.
The cut off wavelength increases by increasing Ag concentration from 0.5 to 3.0 atomic
weight percent. By increasing Ag concentration from 0.5 to 3.0 atomic weight percent,
the band gap energy is reduced, the absorption ability of visible light increases, and the
optical property of the silver doped titania nanoparticles is enhanced. Moreover, the
addition of the Ag dopant to titania results in lowering of titania’s band gap and extension
of its light absorption capacity to the visible part of the solar spectrum.
The TGA graph of iron and silver doped titania can be broken into three distinct regions
of weight loss. A gradual weight loss of about 18% is observed below 290°C (the first
region) due to the evaporation of any remaining adsorbed and entrapped solvent or water
in the sample. In the temperature range of 290-330°C (the second region), about 22% of
weight loss is observed. This weight loss is due to the elimination of organic components.
The last weight loss (about 4%) is observed above 330°C (the third region). Moreover,
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thermo-gravimetric analysis result shows that degradation of organics were completed at
500°C since no further weight change was observed.
Both Ag and Fe dopant agents widened the absorption profile of TiO2 in the visible
region of light. That is, iron doped and silver doped titania photocatalysts showed much
higher visible light photocatalytic activity compared to undoped titania photocatalyst.
Ag doped titania showed significantly higher photocatalytic properties for degrading
methylene blue compared to undoped and Fe doped titania in visible light condition
(using UV cut-off filter) as well as in UV-Vis (solar light) illumination.
Ag doped titania photocatalyst with Ag/TiO2 atomic weight % of 2.0 showed the highest rate
of degradation of methylene blue dye, and was chosen for achieving the highest

photocatalytic activity under both solar and visible light irradiation. As a result, silver
was used as the dopant agent to make silver doped TiO2/PU nanocomposite coatings in
order to examine their antibacterial activities.
It is observed that silver doped nTiO2/PU nanocomposite film and visible light irradiation
are both necessary for the bactericidal activity.
For all illumination sources used in this study (visible and solar light), the 1.0 wt% silver
doped nTiO2/PU nanocomposite film showed higher bactericidal activity due to the
relatively decreased band gap and consequently visible light absorption ability.
Although the antibacterial activity of 1.0 wt% silver doped nTiO2/PU film under visible
light illumination is significantly lower than that of 1.0 wt% silver doped nTiO2/PU film
under solar illumination (AM 1.5, parallel light type), the visible light activated titania
coatings offer broad application field.
The pseudo first order reaction rate constant for the photo-killing process of gram
negative bacteria (E. coli) by the silver doped nTiO2/PU nanocomposite coating under
visible light irradiation was derived with k = 0.0065 min-1.
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Chapter 6

6

Conclusions

In this study the antibacterial activity of nTiO2/PU nanocomposite coatings was
investigated. Antibacterial coatings have various advantages and a wide spectrum of
potential applications, which make the future of these coatings very promising.
Functionalized DMPA-nTiO2 monomer was synthesized. Functionalized nTiO2/PU
nanocomposite films were prepared using this functionalized monomer, where nano
titania was chemically attached to the polyurethane backbone. It was confirmed by TGA
that DMPA had been successfully functionalized with nanotitania. The contact angle was
not changed much for virgin PU upon UV irradiation, while functionalized nTiO2/PU
surface was turned into a more hydrophilic surface when UV irradiated. Moreover, very
good distribution of TiO2 nanofillers in the polyurethane matrix was exhibited by SEM
and elemental mapping analysis.
It was found that the antibacterial activity of nTiO2/PU nanocomposite coatings was
dependent on bacterial strain, light source, and light illumination time. Moreover, it was
observed that the antibacterial activity of nTiO2/PU nanocomposite coatings was due to
the presence of both solar irradiation and nTiO2/PU films. Functionalization of nTiO2/PU
nanocomposite coating resulted in better bactericidal activity of the coating due to better
distribution of titania nanoparticles in polyurethane matrix compared to unfunctionalized
nTiO2/PU nanocomposite coating. The pseudo first order reaction rate constant for the
photo-killing process of gram negative bacteria (E. coli) and gram positive bacteria (M.
luteus) by the functionalized nTiO2/PU nanocomposite coating under solar irradiation
was derived and gram negative bacteria showed lower photo-killing rate compared to
gram positive bacteria. Extremely good antibacterial activity of the functionalized
nTiO2/PU nanocomposite coatings against both gram negative and gram positive bacteria
under solar illumination was observed. The photocatalytic activity of the nanotitania in
the nTiO2/PU nanocomposite coatings resulted in the killing of almost all of the bacteria
(>99.9%) within 2 hours.
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To extend the TiO2 nanomaterials application to visible light range, Fe and Ag doped
TiO2 nanoparticles were synthesized. Through the characteristic investigation methods
(including BET, DLS, XRD, and UV-Vis) and the photocatalytic activity measurements,
it was found that the Ag doped titania photocatalyst with Ag/TiO2 atomic weight % of 2.0
is more desirable than the other Fe/Ag doped titania nanoparticles and was used to make
silver doped TiO2/PU nanocomposite coatings in order to examine their antibacterial
activities.
It is observed that silver doped nTiO2/PU nanocomposite film and visible light irradiation
are both necessary for the bactericidal activity. For all illumination sources used in this
study (visible and solar light), the silver doped nTiO2/PU nanocomposite film showed
higher bactericidal activity due to the relatively decreased band gap and consequently
visible light absorption ability. Although the antibacterial activity of silver doped
nTiO2/PU film under visible light illumination is significantly lower than that of silver
doped nTiO2/PU film under solar illumination, the visible light activated titania coatings
offer broad application field. The pseudo first order reaction rate constant for the photokilling process of gram negative bacteria (E. coli) by the silver doped nTiO2/PU
nanocomposite coating under visible light irradiation was derived. Outstanding
antibacterial activity of the Ag doped nTiO2/PU nanocomposite coatings against gram
negative bacteria under visible light and solar illumination was observed with more than
99.5% of bacteria killed after 3 hours of irradiation.
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Chapter 7

7

Recommendations

The large ratio between the surface area and nanoparticle size, and the low interaction
and incompatibility within the polyurethane substrate leads to the titania nanofillers
aggregating within the polymer matrix. As a result, effective surface binding, stable
functionalization and modification between DMPA and nTiO2 are the important steps in
synthesis of the nTiO2/PU composite films and their antibacterial applications. The
chemical bond between the carboxylic group of DMPA and the surface of nanotitania is
the key bridge to connect polyurethane matrix and titania nanofillers. Once the above
mentioned bond is stable, the interactions between nanotitania and polyurethane can be
improved and the distribution of nanofillers in the polymer matrix can be enhanced.
As the size of the nanoparticles gets smaller, the surface area and the fraction of the
surface atoms of the nanoparticles increase drastically. For instance, as the nanotitania
particle size gets smaller, higher surface area and more facets can be formed, which
results in different kinds of undercoordination states of titanium atoms. Moreover, it has
been observed that the proportion of stable chemisorption forms increases as the
nanoparticles’ size decreases. Therefore, controlling the surface binding forms is possible
by controlling the nanoparticle size [115].
The binding modes of the carboxylic group on the surface of titania nanoparticles are
mainly affected by the crystallinity, the size, and the surface area of the nanotitania. Thus
synthesizing nanotitania and decreasing its particle size, rather than using commercial
nanotitania particles, would boost the composition of stable chemical binding forms in
order to increase nanofiller-matrix interactions.
The electron-hole recombination rate in nTiO2 photocatalysis, which is due to the crystal
structure and surface area from smaller charge separation distances, is another issue. The
incorporation of charge separators in the form of gold or platinum dopant is a solution to
this recombination due to the success with silver. Excited electrons are transferred from
the illuminated conduction band of nTiO2 to the metal, preventing it from recombining
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with the holes. The electrons migrated to the metallic charge carrier can reduce adsorbed
organics on the surface [116], increasing the bactericidal rate since reduction reactions on
the surface of a metallic charge carrier are faster than reduction reactions on the surface
of nTiO2 [38]. Modifying TiO2 surface in order to increase crystallinity and decrease
surface defect site while keeping a large surface area is another possible way to decrease
the electron-hole recombination rate in nTiO2 photocatalysis. This surface modification
can increase the photoreactivity and transparency of nTiO2 and can be achieved through
making of TiO2 nanotubes or nanofibers.
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Appendices
Appendix A: Average CFU/mL of E. coli cells in the presence of functionalized
nTiO2/PU in dark for 2 hours, virgin PU under solar irradiation (AM 1.5) for 2
hours, DMPA-PU under solar irradiation (AM 1.5) for 2 hours, unfunctionalized
nTiO2/PU under solar irradiation (AM 1.5) for 2 hours, and functionalized
nTiO2/PU under solar irradiation (AM 1.5) for 2 hours.
Average CFU/mL
Functionalized nTiO2/PU (dark)

1.3×105

Virgin PU (solar irradiation)

7.3×104

DMPA-PU (solar irradiation)

5.2×104

Unfunctionalized nTiO2/PU (solar irradiation)

9.6×102

Functionalized nTiO2/PU (solar irradiation)

7.6×101

Appendix B: Average CFU/mL of M. luteus cells in the presence of functionalized
nTiO2/PU in dark for 2 hours, DMPA-PU under solar irradiation (AM 1.5) for 2
hours, virgin PU under solar irradiation (AM 1.5) for 2 hours, unfunctionalized
nTiO2/PU under solar irradiation (AM 1.5) for 2 hours, and functionalized
nTiO2/PU under solar irradiation (AM 1.5) for 2 hours.
Average CFU/mL
Functionalized nTiO2/PU (dark)

1.1×105

Virgin PU (solar irradiation)

2.0×104

DMPA-PU (solar irradiation)

3.9×104

Unfunctionalized nTiO2/PU (solar irradiation)

3.2×102

Functionalized nTiO2/PU (solar irradiation)

2.9×101
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Appendix C: Average CFU/mL of E. coli cells in the presence of Ag doped nTiO2/PU
in dark for 2 hours, virgin PU under visible light irradiation for 2 hours, undoped
nTiO2/PU under visible light irradiation for 2 hours, Ag doped nTiO2/PU under
visible light irradiation for 2 hours, and Ag doped nTiO2/PU under solar irradiation
(AM 1.5) for 2 hours.
Average CFU/mL
Ag doped nTiO2/PU (dark)

1.4×105

Virgin PU (visible light irradiation)

1.1×105

Undoped nTiO2/PU (visible light irradiation)

8.0×103

Ag doped nTiO2/PU (visible light irradiation)

2.0×102

Ag doped nTiO2/PU (solar irradiation)

4.1×101
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